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AN ISOTHERMAL CALORIMETER FOR SLOW REACTIONS 1 

E. D. COON and FARRINGTON DANIELS 

Laboratory of Physical Chemistry , University of Wisconsin, Madison, Wisconsin 

Received October 15, 1988 

This calorimeter has been designed for the study of phenomena involving 
the slow evolution of heat, particularly in the study of chemical kinetics 
and biological processes. It can be used at different temperatures. The 
heating effect is exactly counterbalanced by a cooling effect produced by 
evaporating carbon tetrachloride or other liquid in a regulated air stream. 
The amount of carbon tetrachloride evaporated is determined by adsorp¬ 
tion in silica gel. The increase in weight is converted into calories by 
calibration with electrical heating. In its present form the calorimeter is 
limited to a precision of about one per cent, and it is not recommended for 
rapid reactions with plenty of material where standard calorimeters are 
now satisfactory. 

Endothermic reactions can be measured accurately and easily by bal¬ 
ancing with measured electrical heating. Exothermic reactions have 
been balanced by melting ice at 0°C. as in the Bunsen ice calorimeter, 
by vaporization of a liquid at its boiling point as in the ether calorimeter 
(1), by addition of cold water (2), cold mercury (3) or a salt which absorbs 
heat on solution (4). The Peltier effect existing between two dissimilar 
metals, when a current of electricity flows, has been used also (5, 6). 

DESCRIPTION OF THE CALORIMETER 

The calorimeter is shown in figure 1. It consists of two vacuum- 
walled vessels, I and N, mounted with various accessories on a frame, 
immersed in a large thermostat 20 cm. below the water level. The vessels 
are connected by a multiple junction thermel. The “reference” unit I, 
which stays at constant temperature, contains fine oil of low vapor pressure, 
an electric heater, and a stirrer. A second thermel (not shown) indicates 
equality of temperature between the oil and the water of the thermostat. 

The “variable” unit N of 400 cc. capacity contains kerosene. The 
cover of nickel-plated iron sets into a mercury seal shown at F. A ring 
of sheet irony held in place with rubber, contains the mercury and the whole 
seal is protected on the outside with large rubber tubing. Various ac- 

1 Further details of this investigation are contained in part of a Ph.D. thesis filed 
in the Library of the University of Wisconsin by E. D. Coon in January, 1932. 
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cessories, passing through small tubes in the cover, are attached with 
litharge-glycerine cement. 

In the first models the whole calorimeter was filled with carbon tetra¬ 
chloride and short sections of rubber tubing were exposed to the vapor, 
but it was found that the variable vessel was always a little colder than 
the thermostat even after standing twenty-four hours. This cooling 
effect, which persisted no matter whether the room was colder or warmer 
than the thermostat, was finally traced to solution of the carbon tetra¬ 
chloride vapor in the rubber and a slow evaporation of the liquid to main¬ 
tain full vapor pressure. 



The thermel B connects with the reference unit. The stirrer E of 
glass extends through a long bearing to the water level. The glass shaft 
is cemented to a brass rod which rotates in a bearing several centimeters 
above the cover. The heat generated in the bearing is prevented by the 
thermostat from reaching the calorimeter. The chimney G, for the ad¬ 
mission of reacting materials, extends to the water level where it is provided 
with a stopper. The heating coil C of 50 cm. bare No. 28 constantan wire 
is wound on a glass tube and soldered to leads of No. 16 copper wire. The 
leads are set in paraffin in long snugly-fitting glass tubes passing through 
the thermostat water. 
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The cooling unit A is a cylinder of sheet copper containing carbon 
tetrachloride through which air is bubbled. Other inert liquids of different 
vapor pressures may be more suitable under other conditions. For high 
temperatures a higher boiling liquid is better. The mercury trap D is 
introduced to insure the same conditions at the beginning and at the end 
of a determination. A small glass tube (not shown) passes down through 
the exit tube and ends near the mercury level. By turning a stopcock, 
air is forced down through this tube and all the vapor beyond the mercury 
seal is swept out. 

The air sent through the cooling unit must be dry and free from any 
substance which might be adsorbed by the silica gel. The rate of flow is 
regulated by four stopcocks drawn down to capillaries of different aper¬ 
tures. Connecting these in parallel, it is possible to send air through at 
any rate from ten to several hundred bubbles per minute. The air is 
dried by passing it through concentrated sulfuric acid, calcium chloride, 
phosphorus pentoxide, and silica gel. It is brought to the temperature 
of the calorimeter by passing through three glass tubes, 2 cm. in diameter 
and 80 cm. long, filled with copper turnings and immersed in the thermo¬ 
stat. In the last tube i3 an additional section of phosphorus pentoxide. 

The amount of carbon tetrachloride evaporated is determined by adsorb¬ 
ing in two glass-stoppered U-tubes, each containing about 75 grams of 
silica gel. When the second tube increases in weight by more than about 
1 mg. the first tube is rejuvenated by placing in an oil bath at 150° to 170°C. 
and drawing through dry air for two or three hours. 

The thermostat of 750 liters capacity is kept constant within about 
0.001° with the help of efficient stirring and a mercury regulator of the 
oscillating type. The contact wire dipping into the mercury in the capil¬ 
lary is forced up by a spring against the under side of a horizontal pulley 
wheel. The under side of the wheel is partly cut away so that the contact 
wire moves up and down for a distance of about 2 mm. during one revolu¬ 
tion, thus making and breaking the circuit and insuring certain contact 
with (he mercury. 

The thermel, which indicates a difference in temperature between the 
“variable” and “reference” units, consists of two 11-junction elements. 
Each is used independently of the other and one acts as a check on the 
other. Constantan wire (No. 28) and copper wire (No. 24) were used. 
The resistances of the thermels were 39.92 and 40.29 ohms. When used 
with the galvanometer, having a sensitivity of 5 mm. pn microvolt, a 
deflection of 1 mm. corresponded to 0.00025°C. The two thermels always 
agreed within 3 mm. A reversing switch was useful in correcting for 
possible stray potentials in the circuits. Other switches enabled the 
operator to use either one of the two thermels or to connect the galvanom¬ 
eter with the potentiometer for use with the heating coil. All connec- 
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tions and switches were well insulated and mounted on grounded copper 
shields. 


PROCEDURE 

The thermostat is first brought to the desired temperature (25°C., for 
example). The reference unit is brought to a temperature slightly lower 
and the whole calorimeter is set in the thermostat. The temperature of 
the “reference” is then brought to the temperature of the thermostat by 
means of the heating coil. The final temperature adjustment is effected 
simply by means of stirring. The galvanometer is then connected to one 
of the main thermels connecting the two units, and the temperature of the 
“variable” unit is brought to the same temperature, using either the heater 



Fig. 2. Rate of Thermal Leakage 

Calories per hour A = 0 25, B = 0 12, C = 0 06, B' = 0 12, C' = 0.07. 

or the cooler as necessary. These adjustments can be effected in a short 
time, but in order to insure complete equilibrium the system is left un¬ 
disturbed for several hours,—preferably over night, when both thermels 
should read within 0.5 cm. of zero. 

The next step is the establishment of a reproducible condition in the 
cooler. Air is bubbled through the carbon tetrachloride, and the vapor 
that passes through the mercury trap is washed out by a stream of air from 
the inner tube. The temperature is brought back with the heater until 
the galvanometer reads zero. The silica gel tubes are weighed separately 
and connected*to the outlet of the cooling unit. 

The reacting material is then introduced through the chimney, and 
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during the course of the determination the temperature is maintained as 
nearly isothermal as possible. The galvanometer deflections of the ther- 
mel are kept within 3 or 4 cm. of the zero point and the times of the posi¬ 
tive and negative deflections are kept about equal. With slow reactions 
evolving less than 3 or 4 calories per hour this control is not difficult, and 
with reactions involving more heat the control becomes relatively less 
important. 

At the end of a determination the vapor in the exit tube of the cooler is 
again swept out and if necessary the original temperature is restored. 
The silica gel tubes are weighed and the heat of reaction determined by the 
amount of carbon tetrachloride adsorbed; 0.0206 gram is equivalent to 1 
calorie as shown below. 

It is easier—and also sufficiently accurate—to apply a small correction 
at the end of the experiment than to bring back the galvanometer exactly 
to zero. Experiments with the direct input of electrical heat showed that 
a deflection of 1 cm. corresponded to 0.357 calorie in the empty calorimeter 
and to 0.372 calorie when the calorimeter contained reacting material in a 
certain glass tube. 

The errors introduced by thermal leakage when the calorimeter is not 
exactly balanced, are shown in figure 2. Tangents to these experimental 
curves give the rates of cooling or heating. A deflection of 1 cm. of the 
thermel-galvanometer indicates that the temperature of the variable unit 
differs from that of the reference unit and the thermostat by 0.0025°C., and 
that the transfer of heat then amounts to 0.06 calorie per hour. 

CALCULATIONS 

The input of electrical heat was determined by standard methods with a 
type K potentiometer. 

The heat of stirring constitutes the least accurate part of the measure¬ 
ments but the correction is small—about 0.1 calorie per hour. In slow 
reactions it is necessary to maintain stirring only for a portion of the time, 
and in more violent reactions the total evolution of heat is large compared 
with the heat of stirring. After a rapid change in temperature it is neces¬ 
sary to stir for at least ten minutes to insure thermal equilibrium. 

The heat of vaporization of carbon tetrachloride 

It was not the object, in this investigation, to find the true heat of 
vaporization but rather to determine the heat of vaporization under the 
conditions of this calorimeter so that exothermic heats of reactions may 
be calculated from it. It is possible that a slight Joule-Thompson effect 
at the mercury trap and some loss of spray have prevented the determi¬ 
nation of the true heat of vaporization. Nevertheless the value obtained 
here is not greatly in error and the method can be adapted easily for exact 
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measurements of the heats of vaporization of liquids at various 
temperatures. 

The carbon tetrachloride was purified by refluxing for 2 hours with 
potassium dichromate and sulfuric acid. It was fractionally distilled and 
the portion boiling between 75.18°C. and 75.20°C. at 734.2 mm. was used. 

The rate of flow of air through the cooler was adjusted so that the heat 
absorbed in evaporating the carbon tetrachloride practically offset the 
electrical heating. The average value of the current through the heating 
coil was obtained by plotting the current against time and estimating the 
median height. The value obtained is at least one decimal place beyond 
significant figures. A small “end correction” was applied for failure to 
reach complete “isothermality” at the end of a determination. 

Several experiments were carried out using a current of about 0.1 
ampere for times ranging between fifteen and thirty minutes and evapo¬ 
rating 0.25 to 0.5 gram. It was found that at 25°C. the evaporation of 
0.0206 zb 0.0002 gram of carbon tetrachloride is necessary to offset the 
evolution of 1.00 calorie (15° calorie) of heat. No calorimetric determi¬ 
nation of the heat of vaporization of carbon tetrachloride at 25°C. is 
available in the literature as a check on this value. In fact most heats of 
vaporization have been determined only at the normal boiling point; a few 
at 0°(\ A value of 0.0200 gram per calorie was obtained from the Claus- 
ius-Clapeyron equation, using the vapor pressure data from the Inter¬ 
national Critical Tables. 

Ileal of neutralization of hydtochlonc acid 

The accurately known heat of neutralization of hydrochloric acid by 
sodium hydroxide was chosen to test the calorimeter, even though such a 
fast reaction as this can be determined more accurately with other, simpler 
types of calorimeters. It was thought that a satisfactory check using only 
2 cc. of 0.5 N hydrochloric acid would give confidence in measuring un¬ 
known heats of reaction. 

Exactly 2.00 cc. of 0.4942 N hydrochloric acid was placed in the thin 
glass vessel shown in figure 3 and sealed off. A slight excess of 0.5 N 
carbonate-free sodium hydroxide was placed in the upper compartment 
and the whole vessel was brought to the temperature of the thermostat 
and then submerged in the calorimeter. When thermal equilibrium was 
established the tip of the inner tube was broken with a long rod and the 
upper solution allowed to flow down. Mixing was effected by gentle 
shaking. The reaction was so rapid that in attempting to keep the 
temperature constant, too much carbon tetrachloride would often be 
evaporated. In such cases it was necessary at times to use the heating 
coil. The results are summarized in table 1. The values in the last 
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column are obtained by subtracting the sum of all the corrections from 
the calories absorbed by the vaporization of carbon tetrachloride. 

Considering the small amount of material used the average value of 
13.39 is in very good agreement with the best values in the literature ob¬ 
tained with large quantities. Recalculation of the data of Richards and 
Rowe (7) and of Richards and Hall (8) and a correction from 0.55 N give 
13,909 calories for the heat of neutralization per mole in 0.50 N solutions 
at 20°C. Correcting to 25°C. this value becomes 13,642 calories per mole 


u 


O' 

Fig. 3. Mixing Vessel 


TABLE 1 


The heat of neutralization of 2 cc. of 0.4942 N hydrochloric acid 
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gram 
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0 4287 

20 81 

7 196 

55 

0 11 

+0 145 

7 45 

13 36 

0 3701 

17 96 

4 666 

40 

0 08 

0 20 

4 54 

13 42 

0 2772 

13 44 

none 

40 

0 08 

0 10 

0 18 

13 26 

0 2886 

14 00 

1 00 

37 

0 07 

0 48 

1 59 

13.41 

0 3256 

15 80 

2 67 

55 

0 11 

0 48 

2 30 

Average 

13 50 

- 13 39 


and 2.00 cc. of 0.4942 N hydrochloric acid then evolve 13.48 calories when 
neutralized with 0.50 N sodium hydroxide. 

Heat of hydrolysis of methyl acetate 

The reaction CH 3 COOCH 3 + H 2 0 + (JVHC1) = CH 3 COOH + CH 3 OH 
+ (N HC1) was chosen for study because it is a typical, slow reac¬ 
tion which can be readily followed by titrations. The reaction was 
catalyzed by normal hydrochloric acid. It is known that the reaction 
involves very little thermal change because the equilibrium is nearly inde¬ 
pendent of temperature. Subtracting the heats of combustion of the 
reactants from those of the products the reaction appears to be slightly 
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exothermic, the exact heat evolved differing greatly with the various 
values accepted for the heats of combustion. A slight error in any of these 
large quantities makes a large relative error in their difference. 

As carried out in the present investigation, the reaction proved to be 
endothermic. The cooling effect was counter-balanced with the heating 
coil and it was unnecessary to vaporize carbon tetrachloride in the cooler. 
Ninety cc. of N hydrochloric acid was placed in the thermostat and 10 cc. 
of methyl acetate was added. Ten cc. of the resulting solution was 
placed in the calorimeter and 2 cc. samples were withdrawn at intervals 
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Fia 4. Heat Absokhed in the H\DROL\hih of Methyl Acetate 
The vertical lines represent measured heat supplied by electric heating coil. 
O Titration data. X Calorimetric data 


from the remaining solution for titration. The course of the reaction was 
thus followed simultaneously for a period of 3 hours and 42 seconds, by 
thermal analysis and by chemical analysis. The difference between'the 
titrations at the beginning and end of this period showed that 0.00513 
mole of methyl acetate had been hydrolyzed in the calorimeter during 
this time. To maintain the temperature constant it was necessary to add 
5.61 calories from the heating coil. The heat of stirring was 0.405, so 
that the reaction absorbed a total of 6.015 calories, or 1170 calories per 
mole. 
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The course of the thermal reaction in a single determination is shown 
in the upper graph of figure 4, in which the four vertical lines represent 
the addition of heat—at approximately 0.1 ampere for intervals ranging 
from 1.5 to 2.5 minutes. 

The true hydrolysis reaction is complicated by the presence of the hy¬ 
drochloric acid, for as the reaction proceeds the reacting substances are 
removed from the solution and the products are added. Corrections for 
these heats of mixing were determined experimentally using the vessel 
shown in figure 3. Five-tenths of 1 cc. or 0.0065 mole of methyl acetate 
was added to 10 cc. of N hydrochloric acid, this quantity representing 
nearly the amount removed during the reaction in the calorimeter. The 
heat evolved was 11.45 calories, corresponding to 1763 calories per mole. 
Check determinations were 1800, 1793, and 1762 giving an average of 
1779 calories. 

Similarly, when 0.00705 mole of glacial acetic acid, purified by freezing, 
was added to 10 cc. of N hydrochloric acid solution, the heat evolved per 
mole was respectively 258, 232, 237, and 227, giving an average of 239 
calories. 

Adding 0.00748 mole of methyl alcohol to 10 cc. N hydrochloric acid, 
the heat of evolution was 1423, 1421, and 1422 calories per mole. The 
thermal change following the addition of a similar amount of water to N 
hydrochloric acid was negligible. 

The summation of the several reactions is then as follows: 


Removal of 1 mole methyl acetate 'lorn N HC1 
Removal of 1 mole water from N HC1 
Addition of 1 mole methyl alcohol to N HC1 
Addition of 1 mole acetic acid to N HC1 


1779 calories absorbed 
0 calories 

1422 calories evolved 
239 calories evolved 


Total heats of mixing 118 calories absorbed 

Total reaction as measured 1170 calories absorbed 

Heat of reaction per mole, excluding thermal effects 

with N HC1 1052 calories absorbed 


One other direct determination of this reaction is reported in the litera¬ 
ture (9), giving an absorption of 1070 calories per mole. 

Heat of fermentation of yeast 

The growth of yeast is an example of the type of reaction for which 
this calorimeter is uniquely suited. It is an exothermic reaction which 
proceeds too slowly for accurate measurement in an ordinary calorimeter. 
In each experiment three culture tubes of yeast and glucose having iden¬ 
tical concentrations were prepared. Two were pasteurized at the time 
the third was placed in a tube in the calorimeter. At the end of the deter¬ 
mination this culture was pasteurized also. All were titrated for glucose 
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content and the difference gave the amount of glucose destroyed during 
the fermentation. 2 

The fermentation caused the temperature to rise slowly and every hour 
or so air was passed through the cooler, evaporating carbon tetrachloride 
and bringing the temperature slightly below the normal value. The 
course of determination I is shown in figure 5, where the vertical lines 
represent these periods of cooling. 



Fig 5 Heat Evolved in the Fermentation of Yeast 

The vertical lines represent the measured cooling effect produced by evaporating 
known quantities of carbon tetrachloride 


The heat of fermentation is calculated from the data of determinations 
I and IT as follows: 


i ii 


Weight of carbon tetrachloride 

0 

4452 

0 

1777 

gram 

Heat compensated 

21 

60 

8 

64 

calories 

Time of stirring 

9 

1 

5 

5 

hours 

Heat of stirring 

1 

10 


66 

calories 

Heat of fermentation 

20 

50 

7 

98 

calories 

Correction for vaporization of water 

0 

59 


23 

calories 

Corrected heat of fermentation 

21 

09 

8 

21 

calories 

Weight of glucose at beginning 

0 

260 

0 

1575 

gram 

Glucose consumed 

0 

1617 

0 

0632 

gram 

Calories per gram of glucose consumed 

130 

4 

129 

9 


The average value of 130.1 calories per gram of glucose is in good agree¬ 
ment with the value 133.3 reported by Rubner (10) using a “microbio¬ 
calorimeter” and a Beckmann thermometer. 

The correction necessitated by the carrying away of water vapor by 
the carbon dioxide liberated is calculated from the vapor pressure of water 

‘ The authors are indebted to Dr. P. W. Wilson of the Department of Agricultural 
Bacteriology for the yeast cultures and their analyses. 
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(23.7), the volume of the gas, and the heat of vaporization (582 calories 
per gram). 

The reaction of fermentation 


CcHijOo—>2C0 2 2CJIftOH 

should evolve 147.9 calories per gram of glucose according to data on 
heats of combustion (11). The fact that the observed value differs from 
this value by 17.8 calories may be due in part to the heats of solution of 
glucose and ethyl alcohol in water and in part to the fact that other fer¬ 
mentation reactions are occurring also. 

An unsuccessful attempt was made to measure the heat of bacterial 
growth, but the cultures of Azotobacter were not large enough to give a 
reliable value. Less than 0.2 calorie was evolved during a period of 6 
hours. 

Thermal studies of the decomposition of nitrogen pentoxide in liquid 
nitrogen tetroxide will be published later. 

SUMMARY 

1. An isothermal calorimeter is described, capable of measuring con¬ 
tinuously for many hours reactions which evolve less than a calorie an 
hour 

2. Evolution of heat is compensated by evaporating carbon tetrachlo¬ 
ride, or other liquid, absorbing the vapor in silica gel, and weighing. Ab¬ 
sorption of heat is compensated by measured electrical heating. 

3. Special precautions, including the elimination of rubber, are neces¬ 
sary in maintaining an organic liquid in a calorimeter at exactly the same 
temperature as its surroundings. 

4. At 25°C., 48.5 calories was required to offset the vaporization of 1 
gram of carbon tetrachloride. 

5. Using only 2 cc. of solution, values for the heat of neutralization of 
0.5 N hydrochloric acid in close agreement with accepted values have 
been obtained. 

6. The hydrolysis of methyl acetate has been found to absorb 1052 
calories per mole, after correcting for the heat of mixing with N hydro¬ 
chloric acid. 

7. The heat of fermentation of yeast at 25°C. has been found to be 
130.1 calories per gram of glucose consumed. 
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THE CRITICAL IGNITION OF EXPLOSIVE HYDROGEN 

MIXTURES 

J. H MAAS 1 and CHARLES EWING 2 
University of Cincinnati, Cincinnati , Ohio 
Received July 23, 1932 

Thornton (1) observed that the least spark energy required to ignite 
an explosive mixture of a gas in air varies discontinuously as the composi¬ 
tion of the gas is changed continuously. If this condition be represented 
graphically by plotting the least spark energy for explosion of mixtures 
with the proportion of explosive gas in air, the resulting ignition curve is 
composed of a series of distinct “steps.” This phenomenon, which is 
called “stepped” or “critical” ignition, is shown to depend upon the pres¬ 
ence of nitrogen in the gas mixtures considered here. 

It was found that the ignition curve for hydrogen in air mixtures has 
two very distinct steps. On the other hand, smooth curves were found 
for mixtures of hydrogen and oxygen and also for mixtures of hydrogen, 
argon and oxj'gen wherein the argon was present in the same proportion 
as nitrogen in the air mixtures. The purpose of substituting argon for 
nitrogen was to determine if the action of nitrogen on ignition differed 
from that of an inert gas, and this &cems to be the case. 

EXPERIMENTAL 

The explosions were carried out in an iron bomb of about 100 cc. capac¬ 
ity with a spark gap consisting of a steel needle cathode and a plane anode 
also of steel. This bomb was conveniently made of ordinary pipe fitting, 
the main piece a one and one-fourth inch cross. Two one-half inch holes 
in the cross on opposite sides of the spark gap were fitted with rubber 
stoppers to provide a safe outlet for the exploding gas, which blows the 
stoppers out. Steel phonograph needles were used for the cathode. 
These were replaced for each explosion. 

The gas mixtures were made up in volumes of three liters by displace¬ 
ment of water from the gas container. The measurements were made 
on gases saturated with water vapor and at room temperature. The bomb 
is filled with gas by mercury displacement. 

The electrical arrangement for discharging the spark in the gas consists 

Department of Physics, University of Cincinnati. 

Department of Chemistry, University of Cincinnati. 
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of charging condensers from a source of direct current with the electrodes 
wide apart. The direct current source is then disconnected and the con¬ 
densers discharged by approaching the electrodes. Not more than three 
seconds need elapse between the time the direct current connection is 
broken and the time the electrodes are brought within sparking distance. 



Flit 1 Explosion Bomh 


S 


<J 

V 

-I 


Fig. 2. Wiring Diagram 

S, spark gap; C, condenser; V, voltage of d. ( . source 

During this interval of time there is some leakage loss in the condensers, 
but it has been found that this loss is negligible up to about twenty seconds. 

The energy yj” expressed in terms of the capacity and voltage of the 
condensers discharged in the spark is expressed as follows: 

E = 1/2 O'* 
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The curves in figure 3 are for ignition at 160 volts, spark potential. 
Similar curves have been obtained for the ignition of the same hydrogen 
mixtures at 100 volts, but the least spark energy at this potential is higher 
than the least spark energy for ignition at 160 volts. 


JOULES 

P*r 

SPARK 



Fig. 3. Ignition Curves for Ignition of Hydrogen Mixtures 
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APPLICATION OF BLAIR-LEIGHTON EQUATION TO X-RAYS 

J. A. LESTER and JULIAN M. BLAIR 
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Blair and Leighton (1) have presented an equation, 

~ (b - x) - K t x 

at 

for the time rate of growth of the latent photographic image, when a photo¬ 
graphic emulsion was exposed to a blue light of constant intensity. In 
this equation, x is the developable density existing at any time t; b is the 
ideal maximum developable density (defined below); and K x and K% are 
reaction velocity constants of forward and reverse photographic reactions. 
In this paper an attempt will be made to show that this equation also 
holds for the rate of formation of the latent photographic image when pro¬ 
duced by x-rays of constant intensity. 

METHOD OF PROCEDURE 

Ordinary x-ray plates were not used because of their relative opacity, but 
instead glass plates coated with regular lantern slide emulsion. For ease 
and greater accuracy in determining the density, this coating was made 
about one-third as thick as the ordinary lantern slide emulsion. The 
source of x-rays was a deep therapy machine. These x-rays were filtered 
through 1 mm. of aluminum to render them more homogeneous. The 
conditions during exposure were kept constant by keeping the current 
through the tube and the operating line potential constant. Under these 
conditions the intensity of the x-rays was found to be uniform and constant, 
by means of a dosimeter. 

After coating, the plates were dried in an inclined position, making the 
emulsion slightly thicker on the lower end than the upper. To reduce 
the error which this would produce, the plates were cut into two longitudi¬ 
nal halves, one of which was turned end for end before exposure. Then 
exposures of increasing times were given to consecutive portions of the 
same plate. Several plates were necessary to obtain all the points shown 
on figure 1. The maximum exposure on one plate was repeated as the 
minimum exposure on the next. The plates were then developed in a 
ferrous oxalate developer described by Hurter and Driffield (2) for 20 
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minutes at 19°C. They were then fixed for 6 minutes in acid sodium 
thiosulfate solution, and washed and dried in the usual manner. The 
resultant densities were measured in the same manner as that described 
by Blair and Leighton (1). The densities of corresponding portions on 
each half plate receiving the same exposure were measured and averaged. 

As the separate plates had emulsions of slightly different average thick¬ 
nesses, the plotted densities would not form a continuous curve. In 
several cases there would be slight breaks between the series of data ob¬ 
tained from one plate and that obtained from the next one. The over¬ 
lapping of times of exposure made it possible to express the densities of all 
the plates in terms of any one chosen as standard by the use of a small 
multiplying factor. This factor was the ratio between the average density 
of one portion of a plate and the average density of a corresponding portion 
of another, each having received the same exposure. The densities pro¬ 
duced by exposures to x-rays are shown by the circles in figure 1. 



Fig. 1. The Densities Produced by Exposure to X-rays and the Densities 
Indicated by the Blair-Leighton Equation 


DETERMINATION OF b 

The quantity, 6, mentioned in the above equation is the ideal maximum 
developable density. It may be briefly defined as that density the plate 
would have if every grain of silver halide were developed. Blair and 
Leighton (1) have presented a chemical means of determining this quan¬ 
tity. It may also be determined in a much easier, but sufficiently accurate 
manner. Jones and Hall (3) have shown that increasing maximum 
developable densities are obtained by exposures to increasing intensities 
of light. They showed, using the terminology of Blair and Leighton, that 
when a plate was exposed to intense light, the maximum attainable den¬ 
sity approached the ideal maximum developable density. On the basis 
of their work, one-half of a plate was exposed for the optimum time to the 
concentrated beam of a carbon arc projection lantern. The other half 
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was exposed for 30 minutes to x-rays to produce the maximum attainable 
density from this source. The maximum attainable density, shown by 
the highest point on figure 1, was multiplied by the ratio of the developable 
density produced by the arc on one half of the plate, to that produced by 
the x-rays on the other half. This gave a close approximation to the 
ideal maximum developable density in terms of the plate chosen as stand¬ 
ard. This quantity is shown by the straight line in figure 1. 

INTEGRATION OP EQUATION 

If, in the equation, 


dx 

di 


Kiz * (6 — x) — KiX 


we let x* = z and add and subtract the quantity rthe equation may be 
put in the standard form of integration, 


2d 2 


r k\ 

( K * VI 

L 6 + 4/q " 

v + ™J\ 


- d t 


There are several integrals of this equation. In the paper by Blair and 
Leighton (1) it was integrated into a logarithmic form. It may, however, 
be integrated into the following form 


2 





tanh~ l 



t + C i 


where C\ is a constant of integration. Substituting x k for z and solving for 
x we obtain 


where 


x 




t + C, 


■)-£] 


c, - 


g,c, 

2 



( 1 ) 


EVALUATION OP CONSTANTS 

From the data shown in figure 1 a ratio between Ki and Kt was deter¬ 
mined where the slope is 0. Then K\ and Ki were evaluated by graphical 
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means from the experimental curve by measuring the slope at some value 
of x. The constant Ct was then found by taking the x and t coordinates 
of some point on the experimental curve. The curve in figure 1 shows the 
values of x for the times t given by equation 1. 

SUMMARY 

A different method of evaluating the ideal maximum developable den¬ 
sity is described, and a different integral of the Blair-Leighton equation is 
presented. Evidence is presented that this equation also expresses the 
rate of formation of the latent photographic image by x-rays. 
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SOLID POLYIODIDES OF CESIUM 
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It has recently been shown conclusively by Briggs, Greenawald, and 
Leonard (1) and by Briggs (2) that cesium iodide and iodine form two 
binary addition products having the formulas CsL and CsL and that the 
compound Csl 6 does not exist, at least above 25°C. Water solutions were 
used by these investigators in preparing the compounds at 25°C., but as 
the latter were anhydrous, they are undoubtedly the only stable binary 
compounds which can form at 25°C., independent of what solvent is used, 
or indeed of whether any solvent is used. On the other hand, Abegg and 
Hamburger (3) working on the system cesium iodide-iodine-benzene showed 
from solubility results that there was evidence of a higher polyiodide which 
thdy believed to be Csl». They made no attempt to determine whether a 
solvated ternary compound existed. Since it has recently been shown (4) 
that potassium iodide forms such a ternary compound with benzene we 
have investigated the system cesium iodide-iodine-benzene at 6°C. and at 
25°C. and also the system containing toluene in place of benzene. 

The cesium iodide used was an exceedingly pure sample which had been 
prepared by heating the higher polyiodide. The latter had been prepared 
by crystallization.from water containing an excess of iodine. Benzene, 
toluene, and iodine were prepared by the methods described previously by 
Foote and Bradley (4). The apparatus and methods are also fully de¬ 
scribed in the same paper. 

THE SYSTEM TOLUENE-CESIUM IODIDE-IODINE 

In this system, qualitative tests showed that no solvated compounds were 
formed and that cesium iodide, like potassium iodide, is insoluble in the 
solvent. The investigation was therefore relatively simple. The original 
components were accurately weighed and by determining iodine in the 
solution after equilibrium had been reached, the composition of the solid 
residues, whether mixtures or pure compounds, could be calculated with 
probably greater accuracy than could be obtained by direct analysis. The 
results obtained are given in table 1. 

The results show clearly at each temperature that there are three uni¬ 
variant points. At each, the solubility is constant and the residues consist 
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of a variable mixture of two solids; the two pure compounds, which are in 
equilibrium with solutions of varying composition, exist between the uni¬ 
variant points. The average of the six results obtained for free iodine in 
Csl, is 59.35; and of the four results for Csl 3 is 49.73. The corresponding 
calculated percentages are 59.44 and 49.42. The results confirm those of 
Briggs and his coworkers (1) at 25°C., using water as the solvent, and show 
that the same compounds also exist at 6°C. No solvated ternary com¬ 
pound with toluene exists. 


TABLE 1 

The system toluene-cesium iodide-iodine 


T - 25 # C 

T m 6 # C 

Iodine in i 
solution 

Iodine in 
residue 

Unsolvated solid 
residue contains 

Iodine in 
solution 

Iodine m 
residue 

Unsolvated solid 
residue contains 

weight 
per cent 

0 060 

weight 
per cent 

16 66 

Csl and Csl 3 

v eight 
per cent 

0 024 

weight 
pa cent 

11 18 

Csl and Csl, 

0 047 

48 18 

Csl and Csl 3 

0 024 

46 00 

Csl and Csl 3 

0 77 

50 13 

Csl, 

0 54 

49 70 

Csls 

1 72 

49 57 

Csl, 

1 08 

49 50 

Csl, 

2 53 

51 42 

Csl 3 and Csl 4 

1 53 

52 30 

Csl, and Csl 4 

2 54 

53 80 

Csl 3 and Csl 4 

1 53 

56 25 

Csl, and Csl 4 

2 54 

57 21 

Csl 3 and Csl 4 

4 35 

59 76 

Csl 4 

3 09 

59 25 

Csl 4 

6 74 

59 79 

Csl 4 

9 90 

58 53 

Csl 4 




13 45 

59 17 

Csl 4 




14 66 

59 58 

Csl 4 

10 39 

64 06 

Csl 4 and I 2 




10 43 

89 77 

Csl 4 and I 2 

15 46 

62 24 

Csl 4 and I 2 




15 37 

94 32 

Csl 4 and I 2 





THE SYSTEM BENZENE-CESIUM IODIDE-IODINE 

Qualitative tests showed that at the iodine end of the system the solids 
contained benzene, showing the existence of a ternary compound. The 
simple method of calculating the composition of the residue which was 
adopted with toluene therefore could not be used in this case and it was 
necessary to analyze the residues, at least when the pure solvated com¬ 
pound was present. The Schreinemaker method of deter mining the compo¬ 
sition of tfhe solids by the analysis of the wet residues was entirely unsuitable 
in this case on account of the position and form of the solubility curve. 
We were therefore forced to determine the composition of the compound by 



TABLE 2 

The system benzene-cesium iodide-iodine 




SOLID KX8IDUB 

RXSIDUB CONTAINS 


SOLUTION 

Iodine 

Cesium 

iodide 

Benmene 

T = 25°C. 

1 

per cent 

0 049 

per cent 

10 00 

per cent 

90 00 

per cent 

none* 

Csl and Csl* 

2 

0 045 

42 14 

57 86 

none* 

Csl and Csl, 

3 

0 77 

49 38 

50 62 

none* 

Csl, 

4 

1 34 

50 00 

50 00 

none* 

Csl, 

5 

2 35 

53 15 

46 85 

none* 

Csl, and Csl* 

6 

2 34 

56 68 

43 32 

none* 

Csl, and Csl, 

7 

3 89 

59 40 

40 60 

none* 

Csl* 

8 

5 27 

59 40 

40 60 

none* 

Csl* 

9 

7 76 

58 6 

33 3 

8 It 

Csl* and T. C.$ 

10 

7 74 

66 2 

14 7 

9 It 

Csl* and T. C.§ 

11 

8 88 

75 54 

15 96 

8 50* 

T. C § 

12 

12 19 

73 23 

16 22 

10 55* 

T. C.§ 

13 

14 09 

79 9 

12 5 

7 6t 

T. C § and I 2 

* 14 

13 83 

91 8 

5 1 

3 If 

T. C § and I, 


T - 6°C. 


15 

0 022 

12 07 

87 93 

none* 

Csl and Csl, 

16 

0 024 

47 42 

52 58 

none* 

Csl and Csl, 

17 

0 55 

49 25 

50 75 

none* 

Csl. 

18 

1 20 

49 41 

50 59 

none* 

Csl, 

19 

1 31 

53 98 

46 02 

none* 

Csl, and Csl* 

20 

1 30 

56 85 

43 15 

none* 

Csl, and Csl* 

21 

2 00 

59 37 

40 63 

none* 

Csl* 

22 

3 41 

59 16 

40 84 

none* 

Csl* 

23 

3 80 

59 8 

39 9 

0 3t 

Csl* and T. C.§ 

24 

3 80 

67 3 

27 1 

5 6f 

Csl* and T. C.§ 

25 

3 81 

71 31 

20 15 

8 541 

Csl« and T. C.S 

26 

4 55 

74 22 

16 74 

9 04* 

T. C.S 

27 

6 25 

75 23 

15 23 

9 54* 

r. c.s 

28 

6 60 

76 33 

15 64 

8 03* 

T. C.$ 

29 

8 59 

81 2 

11 7 

7 It 

T. C. and I, 

30 

8 58 

92 3 

4 8 

2 9t 

T. C. and I, 


* Composition of the solid calculated as in the toluene system. Residue unsol¬ 
vated. 

t Composition of the solid obtained graphically. 

* Composition of the solid determined by analysis (benzene by difference). 

$ Ternary compound. 
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analysis, after removing it from the solution and freeing it from the mother 
liquor by pressing rapidly between filter papers. The compound loses its 
benzene rapidly on standing. On the other hand, the color changes appre¬ 
ciably as it decomposes, so that it was not difficult to determine rather 
closely from the appearance when the mother liquor was removed. In 
analyzing the compound, free iodine was determined by titration with 
thiosulfate and cesium iodide by heating to remove free iodine and benzene. 
The latter was determined by difference. The composition of the residues 
at the univariant points could be determined graphically with sufficient 
accuracy when the composition of the solvated compound was known. 

The results given in table 2 were obtained. The method used in deter¬ 
mining the composition of the residues is indicated in each case. 

The data in table 2 show in an entirely satisfactory manner the existence 
of the two compounds Csl 3 and Csl 4 at both 6°C. and 25°C. Besides 


TABLE 3 

Showing the ratio CsIiIiCbH# for each of the five residues in which the pure ternary 
compound was present. The ratios are calculated from the analytical data in table 2 


NO. 

CbI 

RATIO 

I 

c 4 h. 

11 

1 0 

9 64 

1.77 

12 

1 0 

9 24 

2 16 

20 

1 0 

9 07 

1.79 

27 

1 0 

10 10 

2.08 

28 

1 0 

9 99 

1 71 

Average = 10 

9 52 

1 90 


these two compounds, however, there is a third solvated compound. It was 
present in pure condition, as shown by the solubility results, in Nos. 11 to 
12 at 25°C. and in Nos. 26 to 28 at 6°C. The ratio CsI:I:CeH« has been 
calculated for each of these residues, and the results are given in table 3. 

In considering these ratios, it must be borne in mind that the material 
used in the analysis was very finely divided, and was of necessity con¬ 
taminated with iodine from the solution, since the benzene in the latter 
was exceedingly volatile and deposited iodine as it evaporated. The ratio 
Csl: CflHe appears to be definitely 1:2, and allowing for the fact that the 
analytical results should be high in iodine, the ratio Csl:I is nearly 
1:9, so that the most probable formula, based on the above analyses, is 
Cslio • 2CeH 6 , in which the ratio Csl: I is less certain than the ratio Csl: C fl H 6 . 

It is evident, however, that the ratio Csl:I can be calculated just as in 
the unsolvated residues, provided the ratio of CsI:C*He in the residue is 
known. Judging from the results on the unsolvated residues, this method 
should give more reliable results than direct analyses. In table 4 we give 
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the charges used, the calculated composition of the residue assuming the 
ratio Csl: C«H* =1:2, and the ratio Csl: I calculated from the composition 
of the residues. 

The ratio I/Csl is nearly 9, and the formula is therefore CsIio-2CeH 8 
or 2CsI-9I 2 *4C 8 H 8 . The writers are not unaware that this formula is 
most unusual and a priori highly improbable. The composition as deter¬ 
mined by analysis, and as calculated in table 4, however, seems to exclude 
any simpler ratio. The corresponding ternary compound of potassium 
has the formula Kl9*3C 8 H 8 and is therefore of different type, the only 
evident relationship being that the cesium compound may be derived from 
the potassium by the substitution of one atom of iodine for one molecule of 
benzene. 


TABLE 4 

Showing the weight of each component in the original mixtures; the calculated per cent 
of cesium iodide and of iodine in the residues , assuming the ratio CsI:C«He * 
1.2; and the molecular ratio I:Csl in the residues 


NO 

CESIUM 

IODIDE 

IODINE 

BENZENE 

CALCULATED 
C#I IN 
RESIDUE 

CALCULATED 

It IN 
RESIDUE 

RATIO 

1 

c5 

n 

grama 

0 07 

grama 

0 12 

grama 

30 833 

per cent 

15 85 

per cent 

74 02 

9 03 

12 

0 07 

7 02 

30 795 

17 30 

72 30 

8 55 

20 

1 22 

0 70 

30 134 

10 82 

73 00 

8 89 

27 

1 22 

7 108 

30 488 

17 09 

72 02 

8 70 

28 

1 22 

7 037 

29 917 

10 20 

74 05 

9 35 


Average « 9 02 


At any univariant point in the systems investigated two solids are 
present, and their dissociation pressure of iodine is equal to the partial 
pressure of iodine in the solution. The latter is closely proportional to the 
molar fraction of iodine in solution, as all the solutions are dilute. The 
dissociation pressure of any polyiodide compari d with pure iodine (or the 

Q 

activity) is therefore given very closely by the expression * n which C is 

Co 

the molar concentration of iodine in solution at a univariant point, and 
Co is the corresponding value for pure iodine. The latter is practically 
identical with that at the univariant point where iodine is one of the solid 
phases, as cesium iodide is insoluble. 

Q 

In table 5, the necessary data and the values of the ratio are given at 

Co 

25°C. and at 6°C. for both the benzene and the toluene solutions, so far as 
the data are comparable. The data for the point in the benzene system in 
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which the solids consist of Csl 4 and the ternary compound have been 
omitted, as there is no comparable point for toluene. 

Q 

The differences between comparable values of — for the benzene and 

Co 

toluene systems is of the same order as the error in determining the compo- 


TABLE 5 


Values of the ratio C/C o at 25 °C. and at 6°C. 


SOI IDS PRESENT 

WEIGHT PER CENT OF 
IODINE IN SOLUTION 

MOLE PER CENT OF 
IODINE IN SOLUTION 

C 

Co 


Benzene. T 

- 25°C. 


I 2 and T. C. 

13 96 

4 75 (Co) 


Csl 4 and Csl, 

2 35 

0 73 

0 155 

Csl, and Csl 

0 047 

0 014 

0 0030 


Toluene T = 25°C. 


I 2 and Csl 4 
Csl 4 and Csl, 
Csl, and Csl 


I 2 and T. C. 
Csl 4 and Csl 3 
Csl, and Csl 


I 2 andCsI 4 
Csl 4 and Csl, 
Csl, and Csl 


15 42 

6 20 (Co) 


2 54 

0 94 

0 151 

0 054 

l 

0 020 

1 

0 0032 

Benzene. T - 6°C. 

8 59 

2 81 (Co) 


1 31 

0 41 

0 145 

0 023 

0 0071 

0 0025 

Toluene. 7 

1 = 6°C. 


10 41 

4 04 (C,) 


1 53 

0 56 

0 139 

0 024 

0 0087 

0 0022 


sition of the solutions. Assuming the vapor pressures of iodine at 6°C. 

and 25°C. are 0.0546 mm. and 0.313 mm., 1 and the values of in table 5, 

the dissociation pressures of OsI 4 at 6°C. and 25°C. are respectively 0.00775 
mm. and 0.0479 mm. For Csl 3 , the values are 0.000131 and 0.000970 
mm. 

From these values, the heats of dissociation of Csl 4 and Csl 3 , calculated 
by van’t Hoff’s equation, are found to be respectively -15,800 and 
-17,500 calories. These values, as well as those for the dissociation pres¬ 
sures, are based on the solubility data. Since some of the solubilities are 

1 By interpolation from the data given in the International Critical Tables. 
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very low, the relative error in them causes a considerable error in these 
calculations. This error appears to be less than ±5 per cent. 

SUMMARY 

The systems cesium iodide-iodine-benzene and cesium iodide-iodine- 
toluene have been investigated at 6°C. and at 25°C. With toluene, no 
ternary compound exists, and the two binary compounds found were 
Csl 8 and Csl 4 , confirming the results of Briggs and his coworkers at 25°C. 
With benzene, in addition to the two binary compounds, there is also a 
ternary compound. 

The results on the dissociation pressures of the binary compounds show 
close agreement when calculated from the data on the benzene and on the 
toluene systems. 
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It has been shown by Abegg and Hamburger (1), by investigating systems 
of the type alkali iodide-iodine-benzene, that a number of solid polyiodides 
exist, but the fact was overlooked that some of the compounds formed were 
in reality ternary compounds containing benzene. Such ternary com¬ 
pounds form with potassium iodide (2) and with cesium iodide (see preced¬ 
ing article). We give below the results obtained with ammonium iodide 
and iodine at two temperatures, using as solvents benzene and toluene. 
Unlike the potassium and cesium compounds, it has been found that 
ammonium forms only the binary triiodide. 

The method of investigation has been described previously (3). Quali¬ 
tative f ests on the solid residues showed the absence of either benzene or 
toluene. It was therefore possible, starting with weighed amounts of 
each component and analyzing the solutions, to calculate the composition 
of the residues with entirely satisfactory accuracy. Ammonium iodide is 
practically insoluble in both the toluene and benzene solutions, so that it 
was only necessary to determine iodine. The results obtained are given 
in tables 1 and 2. 

The data in these two tables show that ammonium triiodide is the only 


TABLE 1 

The system benzene-ammonium iodide-iodine 



T - 

25 °C 


T - 

6 # C 

Iodine in 
solution 

Iodine in 
residue 

Unsolvatod solid 
residue contains 

Iodine in 
solution 

1 dine in 
residue 

Unsolvated solid residue 
contains 

weight per 
cent 

0 77 

0 80 
0.79 

weight per 
cent 

10 00 
39.91 
59.35 

NHJ and NHJ, 
NH 4 I and NHJ, 
NHJ and NHJ, 

weight 
per cent 

0.39 

0.42 

weight per 
cent 

10.49 

55 18 

NHJ and NHJ, 
NHJ and NHJ, 

5 60 

10 34 

64.17 

64 33 

NHJ, 

NHJ, 

3.45 

5.77 

63 90 

63 96 

NHJ, 

NHJ, 

13 94 

94 96 

NHJ, and I, 

8.52 

8.58 

70 13 
94.99 

NHJ, and I, 
NHJ, and I, 
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polyiodide which forms, and that it is stable over a wide range of iodine 
concentrations. 


TABLE 2 

The system, toluene-ammonium iodide-iodine 



T - 

25 # C. 


T - 

6°C 

Iodine in 
solution 

l Iodine in 
rosidue 

Unsolvated solid residue 
contains 

Iodine in 
solution 

Iodine m 
residue 

Unsolvated solid residue 
oontains 

weight per 
cent 

0 88 

0 88 

0 89 

weight per 
cent 

9 87 

47 45 

55 93 

NHJ and NHJ, 
NHJ and NHJ, 
NHJ and NHJ, 

weight 
per cent 

0 46 

0 47 

weight per 
cent 

12 39 

59 08 

NHJ and NHJ, 
NHJ and NHJ, 

5 84 

10 85 

63 95 

63 93 

NHJ, 

NHJ, 

2 92 

5 36 

63 88 

63 95 

NHJ, 

NHJ, 

15 75 

15 75 

15 91 

68 14 

86 09 

94 88 

NHJ, and I s 
NHJ, and I 2 
NHJ* and I 2 

10 24 

10 19 

67 80 

94 65 

NHJ, and I 2 
NHJ, and I 2 


The average of the eight results on available iodine in the residues consisting of 
the pure compound is 64.01 per cent. The calculated value for NHJ, is 63.65 per cent 
of available iodine. 


TABLE 3 

The average percentage by weight of iodine in solution at each univariant point , the cor- 
lesponding molecular percentages of iodine, C and Co, and their ratio 



PER CENT 

MOLECULAR 


OF IODINE 

PER CENT OF 

SOLIDS PRESENT 

IN 

IODINE IN 


SOLUTION 

SOLUTION 


T - 25°C. 


Benzene 

I 2 and NHJ, 

13 94 

4 75 (Co) 


Benzene 

NHJ, and NHJ 

0 79 

0 24 (C) 

0 0515 

Toluene. 

I 2 and NHJ, 

15 80 

6 37 (Co) 


Toluene 

NHJ, and NHJ 

0 88 

0 32 (C) 

0 0504 


T = 6°C. 


Benzene 

I 2 and NHJ, 

8 55 

2 80 (Co) 


Benzene 

NHJ, and NHJ 

0 41 

0 13 (C) 

0 0452 

Toluene.. 

I 2 and NHJ, 

10 22 

3 97 (Co) 


Toluene... 

NHJ, and NHJ 

0 47 

0 17 (C) 

0 0431 


Taking the average values of ~ at each temperature, and the vapor pressure of 

Co 

iodine given in the preceding article, the calculated dissociation pressures of ammo¬ 
nium triiodide at 25°C. and at 6°C. are 0.0160 mm. and 0.00241 mm., respectively. 
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As pointed out in the preceding article on cesium polyiodides, the activity 
of the triiodide compared with pure iodine is given rather accurately by the 
ratio of molar concentrations of iodine at the two univariant points. In 
table 3, we give the average percentage by weight of iodine found in solution 
at the univariant points, the corresponding molecular percentages of 


iodine, and their ratio. 


The differences between the values of for the 

Co 


benzene and toluene solutions, at each temperature, are of the same order 
as the error in determining the iodine concentrations. 

As ammonium triiodide can be prepared readily in very pure condition 
and is the only binary periodide of ammonium, it seems worth while to 
point out that it furnishes a very convenient way of maintaining a constant, 
low concentration of iodine vapor which can be varied at will by variation 
in temperature. Its behavior in this respect is similar to that of a hydrated 
salt in maintaining a constant humidity. 


SUMMARY 

Solubility results on mixtures of ammonium iodide and iodine in benzene 
and in toluene show that the compound NH4I3 is the only binary periodide 
which forms above 6°C. No solvated compound with benzene or toluene 
exists. The behavior of ammonium iodide is entirely unlike that of 
potassium iodide, which forms no binary periodide but does form a ternary 
solvated compound. 

The results on the dissociation pressure of the triiodide at each tempera¬ 
ture show close agreement when calculated from the data on the benzene 
and on the toluene systems. 
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INTRODUCTION 

In a previous publication (1) a new method for the determination of 
sorption isothermals of vapors on charcoal was described; the present 
paper records a development of this method whereby the accuracy is 
greatly increased and the technique simplified. No experimental details 
are giv^n, as these were described fully in the previous papers (1, 2). 

This method consisted in the conversion of the approximate isothermals 
obtained under the retentivity test conditions into true isothermals. 
Briefly, this was achieved by carrying out a number of determinations 
employing columns of charcoal of different lengths and plotting the loga¬ 
rithm of the weight of vapor retained against the logarithm of the volume 
of charcoal for a constant volume of air passed, and then extrapolating the 
weight figures to 1 cc. to get rid of the “pressure-length effect.” The 
tangents drawn to the retentivity curve obtained from these extrapolated 
data gave rise to the true isothermal. 

At the time of publication it was realized that this method would not 
apply to an isothermal of the water type on or above that portion where the 
quantity of substance sorbed increases rapidly for a small increase of 
pressure, and an attempt was made to make it hold good under all condi¬ 
tions. As this technique seemed to allow of an extremely detailed examina¬ 
tion being made of the structure of the isothermal, an experiment was 
carried out on a single column of charcoal of about 10 cc. volume, charged 
with water vapor, the flow of air being interrupted at very frequent inter¬ 
vals. By this means it was hoped to anchor the retentivity curve exactly 
over its entire range, and then by drawing an extremely large number of 
tangents, the detailed isothermal structure would be obtained. 

The result of this experiment was characterized by one very striking fact; 
the retentivity curve was found to consist of a series of straight lines inter¬ 
secting one another at definite points (e.g., figure 1, which represents the 
retentivity curve of a water isothermal on Charcoal K 2 at 15°C. Charcoal 
K2 was a peat charcoal activated with phosphoric acid; apparent density 
=» 0.312). The resultant isothermal (figure 2, dotted lines) does not 
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consist of a series of rounded loops as had been obtained heretofore; the 
breaks are all sharply rectangular. It was found that with isothermals 
on silica gel, as had been previously discovered in the case of charcoal, there 
are no breaks below 0.1 mm., the isothermal consisting of a smooth curve 
(3). This rectangular structure makes it possible for an improved method 
for the determination of adsorption isothermals to be put forward which 
will hold good under all conditions using but a single column of charcoal. 

If one charges the charcoal column at a vapor pressure which is inter¬ 
mediate between two horizontal portions of the isothermal, then on desorp¬ 
tion a linear section will result on the retentivity curve, and at a definite 
quantity value this line will be intersected by another. Now the straight 

Lt«r« 



lines correspond to constant pressures over the quantity ranges indicated 
and will give rise to two horizontal sections on the isothermal. Only the 
second of these corresponds to a true step, however, for the first is inherent 
in the experimental procedure, since it is caused by the formation of the 
gradient inside the column. Reference to a previous publication (1) will 
show clearly how this occurs. Owing to this gradient the average quantity 
of vapor in the column expressed as milligrams per gram is smaller 
than corresponds to the pressure over the end of the column. The error 
which this gradient introduces in the quantity value steadily diminishes 
until at a vjery small quantity figure it is zero, the average quantity in the 
column and the quantity corresponding to the pressure over the end of 
the column being identical. 
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The improved technique is essentially as follows: 

(a) The pressure is calculated from the slope of the linear sections of the 
retentivity curve, the difference in the quantity values giving the amount 
of substance which has been carried away in a certain volume of air (the 
difference of the corresponding volume figures). 

(b) The quantity values are calculated thus: The amount of substance 
held at zero pressure is subtracted from the quantity figures for all reten¬ 
tivity curve breaks. These are “corrected” quantity values. The ratio 
of the corrected saturation figure to the corrected quantity figure at the 
first retentivity break is calculated. The corrected quantity values for 
each break are then multiplied by this ratio and the amount held at zero 
pressure added, whereby the true quantity for each break is obtained, 
resulting in a true isothermal. 


TABLE 1 


(1) 

(2) 

(3) 

(4) 

542 8 

519 2 

— 

—. 

488 0 

464 4 

519 2 

542 8 

390 3 

366 7 

410 1 

433 7 

*284 5 

260 9 

291 8 

315 4 

186 1 

162 5 

181 7 

205 3 

80 4 

56 8 

63 5 

87 1 

35 7 

12 1 

13 5 

37 1 

29 0 

5 4 

6 0 

29 6 

26 3 

2 7 

3 0 

26 6 

23 6 

0 0 

0 0 

23 6 


A criticism may be advanced in the case where the initial charging pres¬ 
sure coincided with that at which a step occurred, in which case it would 
appear that the linear section on the retentivity curve due to the formation 
of the gradient and that due to the first step would be continuous, thus 
preventing a calculation of the true isothermal. It has been shown, how¬ 
ever, by sorbing from an air stream charged to a definite pressure with 
vapor, that one must charge at a distinctly higher pressure value to pass 
along the horizontal portion of a step. This being so it is perfectly valid 
to use this new method, since the sorption point will not pass along the 
horizontal step but will remain on the vertical portion joining this step with 
the one below. 

In table 1 the method of operation is shown in full. The vertical columns 
have the following significance: (1) quantity values at the retentivity 
curve breaks; (2) the corrected quantity figures; (3) the figures in the 
previous column multiplied by the ratio of the corrected saturation figure 
to the corrected quantity figure at the first retentivity break; (4) the latter 
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column + the amount held at zero pressure, all figures being expressed as 
milligrams per gram. The quantity held at zero pressure is 23.6 mg. per 
gram. 

The isothermal in figure 2 has been converted to a true isothermal (con¬ 
tinuous lines) in this manner, the individual points being omitted. The 



Q IT> TTl^ /yjLT* 

Fig 2 


T4BLE2 


PRESSURE OF BREAK 

QUANTITY R\N«L OK 

81 EP 

DIM-ERENCE 

NUMBER OF EXPERI¬ 
MENTAL POINTS 

»im 

mg , gram 

mg /gram 


11 53 

— 

— 

10 

8 60 

542 8-433 7 

109 1 

8 

7 35 

433 7-315 4 

118 3 

6 

6 61 

315 4-205 3 

110 1 

9 

5 80 

205 3- 87 1 

118 2 

8 

4 58 

87 1- 37 1 

50 0 

6 

2 35 

37 1- 29 6 

7 5 

5 

1 55 

29 6- 26 6 

3 0 

4 

0 25 

26 6- 23 6 

3 0 

3 


figures for the pressure and quantity range of each step and the number of 
experimental points on that step are given in table 2. 

EXPERIMENTAL 

Desorption experiments in an air stream charged with vapor at definite 

pressures 

To verify the rectangular structure of adsorption isothermals and also 
to justify this new procedure, desorption experiments were carried out 
using an air stream charged to definite pressures with vapor, the points 




DETERMINATION OF ISOTHERMALS 


37 


obtained being checked against the isothermals obtained by the improved 
retentivity method. Such experiments have been carried out with water 
and carbon tetrachloride on charcoal and on silica gel. 




The crosses represent such desorption points and the circles mark the 
ends of the steps (the individual points being omitted) in the isothermals 
derived by the modified retentivity technique. The results shown in 
figure 3, representing water isothermals on coconut charcoals at 15°C. 
(FI, steam activated; apparent density 0.534: Dl, steam activated (4)) 
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give definite evidence of this rectangular structure when dealing with the 
desorption points alone (crosses). In figure 4 are shown isothermals of 
carbon tetrachloride and water on silica gel. In every case there is close 
agreement between the desorption points and the isothermals derived by the 
improved technique. Figures are quoted in table 3 which show the 
variation in quantity values obtained by the two methods. 


TABLE 3 


ADSORBENT 

ADSORBATE 

TEMPERATURE 

PRESSURE 

QUANTITY 

Desorption 

points 

Improved 

retentivity 

method 




mm 

mg /gram 

mg /gram 

Charcoal D1 

h 2 o 

25 °C 

11 3 

295 1 

295 1 




11 0 

295 1 

295 1 




10 6 

277 6 

275 7 




10 3 

276 8 

275 7 




9 8 

276 8 

275 7 




9 1 

270 0 

260 3 




8 4 

262 4 

260 3 




8 1 

262 4 

260 3 




7 0 

232 9 

230 8 

Silica gel 

CC1 4 

25 °C 

8 4 

175 8 

182 0 




0 9 

92 9 

89 0 




0 15 

48 3 

48 3 




0 10 

43 0 

43 0 

Silica gel 

h 2 o 

20 5°C. 

6 70 

175 0 

175 0 




6 10 

159 5 

159 8 




5 60 

147 2 

146 7 




4 60 

130 3 

130.4 


discussion 

It has been found (1) that the agreement is good between isothermals 
obtained by the static technique (air absent) and by the retentivity 
method, the chief difference being the speed of attainment of equilibrium. 
In the case of desorption isothermals, using the static technique, the vapor 
has to diffuse away and this is hindered markedly by the presence of 
foreign molecules (such as carbon dioxide) on the surface, whereas, in the 
presence of air, the vapor molecules are removed continuously by the mov¬ 
ing stream, together with foreign molecules, the latter method, therefore, 
causing a quicker cleaning-up and thus a more rapid attainment of 
equilibrium. 

In the case of water desorption isothermals, when desorbing to constant 
pressure, it is necessary to lower the vapor pressure below that at which a 
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step occurs before the water comprising that step can be removed, hence 
the pressure at which a step occurs is lower than it would be if all disturbing 
factors were absent. In the present technique this cannot occur, as one 
is actually dealing with the quantity adsorbed in an infinitely small layer 
at the end of the charcoal column, and the pressure over this falls with 
sudden jumps from one step to another, hence there is no tendency for 
false equilibria to occur, the pressure drop being sufficiently large to allow 
all the water sorbed on that step to escape. This aspect will be treated 
more fully in a future publication on water hysteresis. 

The results which have been obtained fully justify this improved tech¬ 
nique which is considered to be distinctly in advance of other methods in 
accuracy and has the additional advantage of being rapid, while giving the 
exact form of the isothermal over its whole range. 

SUMMARY 

An improved technique for the determination of isothermals has been 
described. 

The derived isothermals have been found to consist of a series of rec¬ 
tangular steps. 

Comparison has been made with points obtained by desorbing to constant 
pressure. 

The author desires to thank Prof. A. J. Allmand for the interest he has 
taken in this work. 
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DISCONTINUITIES IN THE SORPTION PROCESS 

L. J. BURRAGE 
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INTRODUCTION 

In view of the discontinuous nature of desorption isothermals, it appeared 
to be of interest to establish the presence of these discontinuities in the 
sorption process. The new technique for the determination of isothermals 
(see preceding paper), of which brief mention has already been made (1), 
has shown that when disturbing factors are absent these isothermals con¬ 
sist of a series of rectangular steps. The presence of disturbing effects of 
various kinds all cause these steps to become curved, in some cases the 
actual number being increased by the addition of small breaks. The rea¬ 
sons for this will not be discussed here as this subject is dealt with in a 
further paper in course of preparation. 

EXPERIMENTAL 

A series of experiments was carried out to determine whether this step¬ 
like structure or any indication thereof could be obtained in the sorption 
process, despite the probability of drift causing disturbances owing to 
the cleaning-up effect. 

Since in other experiments it has been found that the presence of carbon 
dioxide is a troublesome factor, which often partially vitiates the results, 
it was decided to carry out three experiments, using (1) a charcoal which 
had a high capacity for carbon dioxide, (2) one which was fair and (3) one 
which was poor in this respect, viz.: 

(1) Charcoal A (see reference 2) 

(2) Charcoal L1 (Steam activated soft wood. Apparent density 0.445) 

(3) Charcoal N1 (Zinc chloride activated almond shell. Apparent density 0.416) 

The procedure adopted was the reverse of the usual retentivity process 
(3). A column of dry charcoal 60 mm. in length was employed and air 
saturated with moisture at 11.5 mm. pressure was passed at 400 cc. per 
minute and 15°C. The air stream was interrupted at very small intervals 
of time and the adsorption curve constructed, portions of which are shown 
in figures la and lb. 
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LUrt 



Fig. lb 


DISCUSSION 

Figures la and lb show quite conclusively that in spite of small fluctua¬ 
tions, the adsorption-time curves consist of a series of straight lines. These 
give rise to sorption isothermals shown in figure 2. 

The pressure is calculated in the following manner i From the slopes of 
the linear portions of the retentivity curve, the weight of vapor adsorbed in 
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a given time is obtained. Knowing the pressure, and therefore the quan¬ 
tity of vapor in the charging stream in the same period of time, the differ¬ 
ence between this and the amount adsorbed represents the weight of 
vapor in the effluent gas, this giving the pressure of vapor over the end of 
the charcoal column. 

These pressures are correct but the isothermals are approximate, since 
in each case the quantity is not a “true” value but an average one, for it 
represents the total water in the column expressed as milligrams per gram 
of charcoal and not that amount corresponding to the last layer of the 
charcoal column. This in no way vitiates the results, as the object of the 
present investigation was to demonstrate that sorption takes place in 
rectangular steps. This is shown by the pressure remaining constant over 
a given quantity range, irrespective of whether the quantity concerned is an 
average or true value. Figure 2 shows clearly that the sorption isothermal 



Fig. 2 

occurs in rectangular steps, the individual points being omitted except for 
those marking the beginning and end of these steps. 

Instead of ignoring the slight deviations from the straight lines in figures 
la and lb, the average rate of adsorption between each two successive 
points was calculated and assumed to hold at the middle point of the time 
interval (figures 3a and 3b). If there were no disturbing factors the rate of 
adsorption along a step would be constant, the rate-time diagrams appear¬ 
ing in rectangular steps. Figures 3a and 3b, which greatly magnify the 
errors, show that (1) is the least rectangular, (2) more so, and (3) fairly 
well defined. These results fall in the inverse order of their capacity for 
carbon dioxide, as one might have expected. The carbon dioxide evolved 
during each run was noted qualitatively by passing the effluent gas through 
baryta water and noticing the change in depth of turbidity. In this con¬ 
nection it is of interest to note that the sudden increase in the rate of 
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adsorption (figure 3b, point *) was definitely associated with a greatly 
increased evolution of carbon dioxide. 




In figure 2, the pressure figures for the lowest step in each case can be 
neglected, as several smaller steps whose pressures are close together are 
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represented here and one cannot accurately determine them. In general 
there is a tendency for the quantity per step to be small at low pressures, 
larger at intermediate and smaller again at higher pressures, similarly 
to that found in desorption isothermals. 

To facilitate comparison with the pressures at which the steps occur in 
desorption isothermals to be submitted in a later publication the pressures 
at which the steps occur have been tabulated. 


Charcoal 1 

Charcoal $ 

Charcoal S 

4.1 mm. 

5.1 mm. 

5.5 mm. 

5.8 mm. 

6.2 mm. 

6.7 mm. 

9.9 mm. 

8.2 mm. 

7.8 mm. 

10.8 mm. 

11.5 mm. 

8.2 mm. 

11.2 mm. 


9.2 mm. 

10.1 mm. 

11.1 mm. 


SUMMARY 

Sorption isothermals have been shown to consist of a series of rectangular 
steps similar to desorption isothermals. 

Th§ effect of the carbon complex (C x O y ) on the rate of adsorption has 
been noted. 

The pressures at which steps have been found to occur have been 
tabulated for different charcoals. 
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A NOTE ON THE SORPTION OF WATER VAPOR BY GLASS 
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State College , Pennsylvania 

Received October 3, 1933 

A study of the condition of water in coals of various ranks which is now 
in progress in this laboratory requires a knowledge of the sorption of water 
vapor by the glass system used in the investigation, over a range of pres¬ 
sures from 10 to 1000 microns at temperatures varying from 25° to 30°C. 
The data available over this range are very meagre. Frank ( 1 ) has made 
a very precise measurement from 1 to 100 microns at 20 °C. but the writers 
know of no published data, other than Frank’s, which are reliable below 
50 per cent relative humidity. Although the data were required simply 
to furnish a correction factor, it seemed unwise to extrapolate Frank’s 
isotherm to 1000 microns, not only because of the effect of varying pre¬ 
vious histories of Frank’s glass and that of the authors, but also because 
the water vapor-glass isotherm must show a point of inflection somewhere 
between a relative humidity of 0.006, which is the upper limit of Frank’s 
isotherm, and a relative humidity of 0.5, which is the lower limit attained 
by McHaffie and Lenher ( 2 ). Such a point of inflection must exist, since 
Frank’s isotherm is concave toward the pressure axis while that of McHaffie 
and Lenher is convex. It was primarily to receive assurance that this 
point of inflection did not occur below 3.5 per cent relative humidity that 
the measurements herein described were made. 

APPARATUS AND PROCEDURE 

The apparatus is shown in figure 1 . Si, S 2 , S 3 , S 4 and S& are mercury 
seal stopcocks. Tj contains the coal and was shut off at S 3 during these 
measurements. T 4 is used in the study of coal and is of no significance in 
these measurements. F is a 12-liter Pyrex flask and M a mercury manom¬ 
eter. This manometer was made from 17-mm. Pyrex tubing and, after 
careful cleaning, was sealed empty to the apparatus. It was the n “torched 
out” under high vacuum for half an hour, and after cooling mercury was 
distilled into it through a side arm (not shown). It was read with a 
micrometer microscope and calibrated against the McLeod gauge, using 

1 Research assistant. 

* Director, Mineral Industries Research. 
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dry air as the calibrating gas. It was self-consistent to one micron at 
pressures below 100 microns and its absolute accuracy was about one per 
cent at the highest pressure measured (ca. 1700 microns). 

T» is a tube of distilled water kept at a constant temperature by the 
thermostat B. The volume between S 4 and S 4 including T 3 was measured 
before sealing to the apparatus. By closing S 4 and opening S 3 , T» was 
saturated with water vapor at a pressure calculable from the temperature 
of the thermostat. Then by closing S 6 and opening S 4 a definite weight 
of water was introduced into the system. 

Since the thermostat was operating only slightly below room tempera¬ 
ture, the relative humidity in Ta was fairly high, and it was necessary to 





add to the weight of water vapor in its free space the weight sorbed on the 
walls in order to calculate the weight of water vapor added to the system. 
This correction, which did not exceed 10 per cent of the total weight in¬ 
troduced, was obtained from McHaffie and Lenher’s isotherm for high 
relative humidities. 

As it was not convenient to thermostat the entire apparatus, consistent 
results were not easy to obtain, but by exercising some care to keep the 
laboratory temperature fairly constant, it was possible to test the rectilin¬ 
ear character of the relationship between the logarithms of relative hu¬ 
midity and the weight sorbed per unit area over the range in question. 

Before starting a' measurement, the system was pumped to a high 
vacuum (10~* mm. or better) and pumping was continued for at least 
twelve hours. The glass was therefore “dry” in the ordinary sense, but it 
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must be remembered that several days exposure to a vacuum of 10~* mm. 
are necessary to remove the last traces of moisture at ordinary temper¬ 
atures. 


RESULTS 

The data obtained are given in tables 1 and 2 and are shown graphically 
in figure 2. In the tables W , W/, and W Q are, respectively, the weight of 

TABLE 1 


Isotherm at 302°K. 


w 

P 

w f 

\v a i 

WgfA 

RH 

0 58 

41 

0 476 


2 

9 

1 4 

1 16 

86 

1 00 

0 16 

4 

5 

2 9 

1 74 

133 

1 54 


5 

5 

4 5 

2 32 

182 

2 11 

0 21 

5 

9 

6 1 

2 90 

731 

2 68 

0 22 

6 

2 

7 8 

3 48 

277 

3 21 

0 27 

7 

5 

9.3 

4 06 

375 

3 77 

0 29 

8 

2 


4 64 

374 

4 34 


8 

5 

12 6 

5 22 

423 

4 91 

0 32 

8 

9 

14 2 

% 70 

717 

8 32 

0 38 


7 

24 1 

11 60 

960 

11.15 

0 45 

12 

7 



TABLE 2 
Isotherm at 298 5°K 


w 

P 

w f 

Wg 

WgfA 

RH 

0 542 

37 

0 436 

0 109 

3 1 

1 5 

1 08 

78 

0 92 

0 16 

4 5 

3 2 

1 65 

123 

1 45 

0 20 

5 6 

5 1 

2 17 

164 

1 94 

0 23 

6.5 

6 8 

2 71 

207 

2 44 

0 27 

7 6 

8 6 

3 26 

250 

2 95 

0 31 

8 7 

10 4 


water vapor introduced, the weight in the free space (as calculated from 
the observed pressure), and the weight sorbed, all in grams X 10®. W t /A 
is the w eig ht sorbed per unit area. P is the pressure in microns and R. H. 
is the relative humidity X 10®. 

Figure 2 is a logarithmic plot of the results and clearly showi the rectilin¬ 
ear char acter of the isotherm over the range in question. In figure 2 
appears a line lying to the left of the experimental curve and with a slightly 
steeper slope. This is Frank’s isotherm, shown as a solid line over the 
range of his observations and extrapolated as a broken line to cover the 
range of the authors’ measurements. 

















60 


E. P. BARRETT AND A. W. GAUGER 



Fig. 2. Sorption of Water Vapor by Glass 
The logarithms of the relative humidities X 10 3 are plotted as ordinates against 
the logarithms of weight sorbed in grams X 10 8 per sq. cm. as abscissae. Centers of 
circles are points obtained at 302°K. Vertices of triangles are points obtained at 
298.5°K. 


DISCUSSION 

The results obtained are somewhat higher than Frank's. There are 
three factors which may account for the difference. First, a difference in 
the composition and history of the glass; second, a difference in the extent 
of drying before beginning a measurement; third, an error in McHaffie 
and Lenher's results used to correct the computation of the weight of water 
introduced. 

It seems unlikely that the use of McHaffie and Lenher's data could in¬ 
troduce serious error, through being itself at fault, not only because it was 
used for making a *airly small correction, but also because of the good 
agreement between the two corrections made from quite different points 
on their isotherm. At 258.5°K. the correction is about 4 parts in 53 and 
at 302°K. it is about 2 parts in 56, and yet the writers' measurements at 
these two temperatures as corrected by McHaffiie and Lenher's data are 
in good agreement. 

It is impossible to "consider the second source of discrepancy, because 
Frank sa^s simply that his adsorption chamber was “dried under vacuum." 
If Frank pumped his glass for considerably shorter periods of time than 
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was used in these measurements, his results would, of course, be lower than 
those obtained in this laboratory. 

It seems most probable that the chief source of difference lies in a differ¬ 
ent treatment of the glass. Frank allowed his glass to stand in contact 
with chromic acid for one week, during which time the acid was boiled 
several times. He thereafter cleaned the glass by soaking in distilled water 
and rinsing with conductivity water. The writers' sorption chamber was 
cleaned with boiling soap solution and rinsed with hot distilled water, and 
was then subjected to steam at atmospheric pressure for four hours. It 
was thereafter rinsed with hot distilled water several times before being 
attached to the system. 


SUMMARY 

A test of the rectilinear character of the logarithmic form of the sorption 
isotherm for the system water vapor-glass has been made over a range 
of relative humidities from 10 8 to 3 X 10~ 2 . 

The results agree closely with the very precise measurements of Frank 
and indicate that his isotherm may be extrapolated to include pressures 
of the next higher order of magnitude. 


The authors wish to express their thanks to the National Research 
Council for a Grant-in-Aid which made the study on the condition of 
water in coal possible. 
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THE EFFICIENCY OF CARBON DIOXIDE AS A 
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The catalytic effect of carbon dioxide on the combination of carbon mon¬ 
oxide and oxygen in the presence of radon was found to be very small ( 1 ), 
only 14.5 per cent of the total ionization falling upon the sensitizing gas 
being utilized in promoting the reaction. That this low efficiency of car¬ 
bon dioxide is characteristic of the gas is seen also from its effect on the 
radiochemical acetylene polymerization. 

For the normal reaction in a sphere of 1.933 cm. diameter (2), the 

Jlfn JJ 

— -7 -* ratio is 19.8, where M & Hl is the number of acetylene molecules 

NctU* 

disappearing from the gas phase, and Ncju is the number of ion pairs 
produced in the gas by the alpha-particles from radon in equilibrium 
through RaC. The same M/N ratio was found for the greater part of the 
polymerization when sensitized by inert gases such as helium and neon (3), 
after correction was made for the ionization falling on the catalyst by as¬ 
suming 100 per cent efficiency of the inert gas. That this assumption fails 
for the influence of carbon dioxide on this reaction is shown by the abnor¬ 
mally low initial — M/N value of 16.4, which steadily decreases as the reac¬ 
tion proceeds. Table 1 taken from unpublished work of Lind and Bardwell 1 2 * 
presents these data in detail. 

Column I shows the decreasing — M/N values calculated on the as¬ 
sumption of 100 per cent transfer of ionization on carbon dioxide to the 
reacting acetylene molecules . 8 However, more than 14.5 per cent of the 
carbon dioxide ionization is effective in speeding up the reaction, as is 
seen by inspecting columns II and III. Calculations in column II are 
based on the assumption of a 14.5 per cent catalytic efficiency 4 as was 
found in the carbon monoxide oxidation. Correcting for a fractional 
efficiency of 30 per cent, column III contains a satisfactory constant M/N 

1 Du Pont Fellow in Chemistry at the University of Minnesota, 1930-1931. 

* These data are included with the kind permission of Professor S. C. Lind of the 
University of Minnesota. 

* For details of this calculation see reference 3. 

4 For details of this calculation see reference 1. 
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ratio averaging 22.2, which is quite comparable with the value of 20 to be 
expected in a sphere of the size used. This small discrepancy of 10 per 
cent is readily accounted for when it is recalled that the measured reaction 
velocity, and therefore the M/N value, is approximately 10 per cent too 
high because of the disappearance of a small quantity of carbon dioxide 
from the gas phase. 

That the efficiency of carbon dioxide in this reaction is greater than in 

TABLE 1 


The effect of carbon dioxide on the acetylene polymerization 

x CiHj(g) + C0 2 (g) « (C,Hi), + CO*(g) 

D = 1 930 cm ; E 0 ~ 0 0141 curie radon 






— M/N RATIO 


p C,lh 

p co,' 

p H, 

I (assuming 
100 per cent 
efficiency) 

11 (assuming 
14 5 per cent 
efficiency) 

III (assuming 30 
per cent 
efficiency) 

1 0000 

mm Hg 

557 5 

mm Hg 

561 5 

mm Hg 

0 0 

l 



0 0668 

460 3 

550 5 

1 2 

16 39 

27 7 

24 3 

0 9578 

436 1 

547 8 

1 5 

10 38 

29 3 

25 2 

0 9489 

413 5 

545 2 

1 8 

15 15 

26 4 

22 9 

0 9208 

349 9 

538 0 

2 7 

13 82 

26 6 

22 4 

0 8981 

304 9 

533 0 

3 5 

13 02 

26 2 

21 8 

0 8384 

200 3 

521 3 

5 2 

12 82 

28 7 

23 0 

0 8167 

171 1 

517 9 

5 7 

10 78 

27 3 

20 9 

0 7866 

133 0 

513 6 

6 3 

10 78 

29 6 

22 1 

0 7534 

95 9 

509 5 

7 3 

10 08 

31 5 

22 2 

0 6720 

25 4 

501 5 

8 4 

8 6 

34 9 

21 5 

0 5828 

0 0 

498 5 

9 4 

3 1 

16 6 

9 0 







Av. = 22 2 


* About 35 mm. of the total of 63 mm of carbon dioxide was recovered by heating 
the solid reaction product, indicating that the loss of carbon dioxide resulted from 
mechanical trapping of the gas. 


the carbon monoxide oxidation may be due to the relative ionization po¬ 
tentials of 14.4 (4) and 11.6v (5) for carbon dioxide and acetylene respec¬ 
tively, a condition favorable to a flow of ionization from the catalyst to 
reactant (6). It Appears that only a small part of the carbon dioxide 
ionization is available even in this reaction where conditions are favorable 
for a pronounced catalytic effect. 

Of greater interest is the behavior of carbon dioxide in the presence of a 
hydrogen-oxygen mixture. This two component system is similar to the 
200:10* system. The stoichiometric relations are identical, both reaction 
products are radioch^mically inert (7), and the relation between ionization 
potentials of components is the same for both systems. Accordingly, the 
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catalytic efficiency of carbon dioxide in the water synthesis under the 
influence of radon should be very small and approximately that found in 
the carbon monoxide oxidation. 

A possible objection to the execution of this experiment was the chance 
for reduction of carbon dioxide by hydrogen (8) which would mask any 
catalytic effect. However, oxidation was found to be as exclusive here 
as it was in other reactions (2). Measurements at liquid air temperatures 

TABLE 2 


The effect of carbon dioxide on the water synthesis 
2Hs(g) + 102(g) + CO,(g) = 2EMK1) + COi(g) 

D = 2.006 cm.; E Q - 0 105 curie radon; Pco, = 215 9 mm. 


! 

P (2H, + IO,) 

(t>; 

C*") 

' oorr 


mm Hg 



1 0000 

456 7 



0 9400 

376 9 

30 5 

25 1 

0 9139 

347 5 

29 7 

23 6 

0 8869 

319 3 

29 9 

23 4 

0 8511 

286 1 

29 3 

22 4 

0 &28 

261 5 

30 3 

22 6 

0 8198 

(259 8)* 



0 7808 

231 2 

28 0 

20 3 

0 7284 

195 1 

30 9 

21 5 

0 6873 

171 0 

30 6 

20 3 

0 6847 

(177 3)* 



0 6473 

149 7 

31 7 

20 1 

0 5949 

125 2 

32 6 

19 4 

0 4689 

81 5 

32 5 

16 9 

0 4006 

64 5 

32 7 

14 3 

0 3333 

50 6 

34 4 

13 1 

0 2315 

35 7 

32 7 

10 3 


* Pressures in parentheses were measured at liquid air temperatures. 


showed no appreciable loss of carbon dioxide until th p greater part of the 
reactants had been used up. 

The reaction mixture was prepared by adding carbon dioxide to a 2:1 
mixture of hydrogen and oxygen obtained by electrolysis of a 10 per cent 
potassium hydroxide solution. This mixture was confined in a small 
spherical vessel containing a known quantity of radon, and the reaction 
was followed manometrically. Table 2 shows the course of the water 

(xi 


synthesis in the presence of carbon dioxide. The column headed 


was calculated from the usual expression for velocity constants in radio¬ 
chemical reactions (9), 
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*A' 2,303 Al ° K f (2 H«-f 10a) 

x / Eo Ae~ ” 

ignoring the correction for ionization on carbon dioxide. In this equation 
e~ x< is the fraction of radon left after time t, Eo is the initial quantity of 
radon in curies, X is the decay constant of radon and P( 2 H» + io») the 
partial pressure of the stoichiometric mixture at time t. The column 

headed (— ) is the velocity constant of the catalyzed reaction correct- 

ing for the fractional efficiency of carbon dioxide according to the expression, 

2.303 Alog k Hj + 10 ,) + x -—^cOt 
L 2 (2Ht + 10i) _ r 

„ A - xt 
E 0 Ac 



where x = 0.145, the specific ionizations z C o, and i(2Hi + iOa) are 1-52 and 
0.53, and the initial P c o, = 215.9 mm. The ionic equivalent of the 
carbon dioxide 

L 1 (2H,+ 10j) -J 


is therefore 90.3 mm. 

From the inverse square law (9), we should expect the velocity con¬ 


stant to equal 21.5 in a sphere of 2.006 cm. diameter. Evidently 


©: 


IS 


too high, indicating a decided catalytic effect of the carbon dioxide. 
Assuming the same efficiency of 14.5 per cent as found in the carbon mon¬ 


oxide oxidation, column 


i 

\ X / corr. 


is obtained. Though not strictly con¬ 


stant, as shown by the decreasing 


( x 1 


values, this correction is plainly 


of the proper order of magnitude. The decreasing velocity constants are 
in accord with the “depletion effect” which is characteristic of radio¬ 
chemical reactions (3) sensitized by inert gases. This effect sets in when 
more than half of the total ionization falls on the catalyst. In the reac¬ 
tion considered in table 2, considerably more than half of the total initial 
ionization is falling on the carbon dioxide because of the great difference 
in specific ionization values of the reaction mixture and the catalyst. 
It is, therefore, not surprising that a decrease in the corrected velocity 
constant is obtained as the reaction proceeds. 

This result is comparable with the effect of argon on the water synthesis. 
Here, too, a pronounced depletion effect is reported (3). 
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DISCUSSION 

When Lind and Bardwell first discovered the pronounced catalytic 
effect of inert gases on radiochemical reactions, they assumed that the ion¬ 
ization falling on the foreign gas was completely effective in producing the 
reaction involved. Many of the cases studied justified this assumption. 
Thus, until the depletion effect sets in, helium, krypton, neon, and nitro¬ 
gen are very efficient radiochemical catalysts. 

Applying this assumption to catalysis by argon, xenon and carbon diox¬ 
ide, the calculated values of velocity constants and M/N ratios are below 
those normally found for the reaction studied. The effect of carbon 
dioxide formed in the carbon monoxide oxidation was so small as to neces¬ 
sitate a study of its direct effect by the addition of a large initial quantity 
of the dioxide to a stoichiometric carbon monoxide-oxygen mixture. 
The results of this work showed carbon dioxide to have a definite effect on 
the reaction, but one which was small when compared with the efficient 
atmospheric gases mentioned. That this behavior of the dioxide is a 
characteristic property can readily be seen from its effect on the water 
synthesis and the acetylene polymerization. Thus in all three reactions 
where the effect of carbon dioxide has been investigated, it has been shown 
to be a Very inefficient catalyst. 

One must then attribute to every gaseous sensitizer a characteristic abil¬ 
ity to accelerate radiochemical reactions, whether the effect results from 
direct clustering about the inert gas ions or from transfer of ions to reac¬ 
tants followed by clustering about reactants. Why certain gases, say 
helium and neon, should have a greater catalytic effect than others, such as 
carbon dioxide and argon, is not immediately evident; buu the empirically 
determined fact remains that the efficiency of these gases varies. 

From the point of view of a clustering mechanism, inefficiency of cat¬ 
alysts in these reactions may be interpreted as a tendency for neutral inert 
gas molecules to cluster about gaseous ions which would otherwise form 
clustering centers for reacting molecules. This crowding out effect has 
been suggested by Lind and Rosenblum to explain the course of the car¬ 
bon monoxide oxidation. 

It is, furthermore, reasonable to regard the depletion effect as resulting 
from a diminished efficiency of the inert gas, as an increasingly greater 
portion of the total ionization falls upon it. A simultaneous decrease in 
the concentration of reacting molecules creates a situation favorable to¬ 
wards a crowding out of reactants from clusters by inert gas molecules, 
accounting for the diminishing catalytic effect of even efficient inert gases 
as reactions approach completion. 

SUMMARY 

Carbon dioxide was shown to be an inefficient catalyst in radiochemical 
reactions. In the water synthesis, its efficiency is similar to that in the 
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carbon monoxide oxidation, namely 14.5 per cent. Even in the acetylene 
polymerization, a case conducive to a pronounced catalytic effect, only 
about 30 per cent of the carbon dioxide ionization is utilized in promoting 
reaction. 

It is suggested that the inefficiency of a radiochemical catalyst is gov¬ 
erned by the tendency of the inert gas to cluster about gaseous ions crowd¬ 
ing out reactant molecules, and that the greater this tendency, the less 
efficient the catalyst. The depletion effect is considered as resulting from 
a lowered efficiency of the catalyst, as the quantity of reactant decreases 
and as a greater portion of the total ionization falls upon the catalyst. 
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INTRODUCTION 

The organic compounds of beryllium have been very little studied. 
There have been many attempts to produce beryllium salts of organic 
acids, such as succinic, malonic, salicylic, and the fatty acids (1), but with 
the exception of beryllium trichloroacetate the products (2) have been 
mixtures of beryllium hydroxide with the respective acids, owing to the 
fact that they were prepared by neutralizing the acid with beryllium 
hydroxide or carbonate. Since solutions of beryllium salts (3) dissolve 
large amounts of beryllium hydroxide the products were contaminated by 
this excess. Some (4) have tried to overcome this difficulty by using an 
excess of the organic acid, but it is evident that this procedure must yield 
impure products except when the solubilities of the acid and salt differ 
enough to permit separation by recrvstallization. Even this is often 
impossible because many beryllium salts hydrolyze as soon as the acid is 
removed. The trichloroacetate furnishes an example of this. This diffi¬ 
culty might be obviated by crystallization from organic solvents. 

These mixtures were long thought to be true compounds because: (1) 
when washed with alcohol the products were finely granular although they 
showed no true crystals under the microscope; (2) the determination of 
their composition was based solely on the beryllium oxide content which we 
now know varies with temperature, concentration of acid, and amount of 
beryllium hydroxide or carbonate used; (3) the methods generally used 
for determining their molecular weights were inaccurate, because beryl¬ 
lium hydroxide dissolves in solutions of its normal salts, causing the freezing 
points to be abnormal (5). 

A simple and satisfactory solution of the problem of their preparation 
in a pure state, at least in the case of the sulfonates, is described in this 
paper by a method which does not seem to have been used before. The 
beryllium salts were prepared by double decomposition of barium salts 

1 For former articles on beryllium, see This Journal 35, 2465, 2492, 3111 (1931); 
36 , 2641 (1932). 
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of the respective acids with beryllium sulfate. This method is not applica¬ 
ble to the preparation of easily hydrolyzed compounds, but the fact that 
the sulfonates are gummy when prepared by neutralization would seem to 
indicate that previous failure might not be due entirely to hydrolysis but 
partly to the excess of hydroxide dissolved by the beryllium salt solution. 
The extreme solubility of beryllium sulfonates made recrystallization from 
water impracticable and therefore mixtures of organic solvents were used. 

To establish the definite chemical nature of the compounds (1) they 
were examined with the polarizing microscope; (2) the compounds were 
not analyzed in the usual way by ignition to oxide but after thorough 
drying were completely decomposed by fuming nitric acid in Carius tubes, 
and analyzed not only for the beryllium content, determined by the igni¬ 
tion of the precipitated hydroxide, but also for sulfate; (3) as a further 
proof a molecular weight determination was made by the boiling point 
rise method with acetone as solvent. 

PREPARATION AND PURIFICATION OF MATERIALS 

The ethyl acetoacetate, the ethyl benzoate, the benzene, chloroform, 
dichloromethane, carbon disulfide, sulfonic acid, and carbon tetrachloride 
used were pure chemicals as obtained. Acetophenone was redistilled. 
The acetone was dried over anhydrous sodium sulfate and redistilled. 
Toluene was stood over barium oxide for five hours, then distilled, and the 
fraction boiling at 108.5°C. was used. 

Barium hydroxide 

The crude barium oxide 2 was placed in a large evaporating dish and dis¬ 
tilled water was added slowly, but rapidly enough to keep up a vigorous 
evolution of steam. When the addition of water caused no further reac¬ 
tion, the boiling hot mixture was poured quickly into another large evapo¬ 
rating dish full of distilled water to yield white crystals of barium hydroxide 
octahydrate. This mixture was brought to a boil, a few grams of barium 
peroxide were added to oxidize iron compounds, the mixture was boded 
for 5 minutes and then allowed to cool, yielding colorless crystals of barium 
hydroxide octahydrate, iron free. 

Beryllium sulfate tetrahydrate was made by evaporating pure beryllium 
nitrate tetrahydrate crystals, made from purified beryllium hydroxide, 
with concentrated sulfuric acid until no fumes were noticeable (6). The 
product was twice recrystallized. 

Melting points were determined by the usual capillary method using a 
360° thermometer calibrated at the highest point, at the transition point 

, * ( urnished b y Mr - M ; J - B*ntschler, J. H. K. Products Company, Wil¬ 
loughby, Ohio. ^ 
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of sodium sulfate decahydrate, at the steam point, and at the melting point 
of pure tin. For the determination of decomposition points the samples 
were heated in capillary tubes in a fused mixture of sodium and potassium 
nitrates. The molecular weights were determined by the boiling point 
method, using the electrically heated Beckman apparatus. 

ANALYSES 

All the compounds except beryllium dibenzoylmethane were decomposed 
by fuming nitric acid in Carius tubes and the beryllium was determined 
by precipitation with ammonium hydroxide as beryllium hydroxide and 
ignition to beryllium oxide. In the case of the sulfonates the filtrates 
from the beryllium hydroxide precipitate were used for the determination 
of the sulfates by precipitation as barium sulfate. 

Part I 

SULFONATES OF BERYLLIUM 

As stated before, the sulfonates of beryllium cannot be made pure by 
neutralizing solutions of the sulfonic acids with beryllium hydroxide or 
beryllium carbonate, because solutions of beryllium salts dissolve beryllium 
hydroxide, the solutions remaining acid to litmus although they contain a 
large excess of beryllium hydroxide. Crystals sometimes separate from 
these solutions after several months, but they are gummy and coated with 
beryllium hydroxide. Too little attention to this has been the cause of 
serious error in the past (7). An exception to this is the recent work of 
Sidgwick and Lewis (4) who prepared beryllium benzenesulfonate and 
beryllium p-toluenesulfonate by evaporating a mixture of the hydroxide 
with a slight excess of the acid. The salt crystallized out on cooling a 
concentrated solution. They stated that both sulfonates separated with 
four molecules of water, but they did not obtain the anhydrous salts, 
because they decompose on heating. They based the composition simply 
on the weight of beryllium oxide obtained by ignition. They did not 
make a detailed study because the salts were not sui' able for their purpose. 

If the salts are made by neutralization, they may be separated from con¬ 
centrated solutions containing beryllium hydroxide by precipitating the 
hydroxide with absolute alcohol, in which the beryllium salts are soluble, 
followed by filtering, and allowing the filtrate to evaporate. Even then, 
the crystals are gummy. If these crystals are allowed to stand for several 
months, the beryllium hydroxide becomes inactive and finally dehydrated, 
and will no longer dissolve in absolute alcohol, so that if the mixture is 
now dissolved in alcohol and filtered, good crystals may be obtained from 
the filtrate. This method is too slow and uncertain to be practicable. 

In this laboratory a quick and easy way to prepare the pure salts was 
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found to be by double decomposition of the barium salts with beryllium 
sulfate. The acid was neutralized with pure barium hydroxide, filtered, 
and evaporated to incipient crystallization. Most of the barium salts 
are beautifully crystalline and not very soluble. They were recrystallized 
from water when necessary. A solution of the pure salt was then mixed 
with one of beryllium sulfate, until further addition of either caused no 
precipitation. This point was determined by filtering a small portion of 
the mixture till clear, dividing into two portions, and testing one with a 
few drops of the solution of the barium salt and the other with the solution 
of beryllium sulfate. The mixtures were allowed to stand ten minutes. 
When exactly the right amount of beryllium sulfate had been added, the 
solution was digested to enlarge the barium sulfate particles, filtered, and 
evaporated nearly to dryness. If heated too strongly, or if evaporated 
to dryness, some of the salts hydrolyze or char, so the evaporation was 
completed in a vacuum desiccator. In some cases, crystals containing 
water of crystallization formed after the water had almost entirely evap¬ 
orated. In other cases, only a crystalline mass remained. The products 
had to be dried in an over before they could be crystallized from organic 
solvents, because too much water prevents the formation of good crystals, 
and even if a precipitate does form, it partially redissolves. However, 
some water was evidently left in the salts, because the solvents used were 
free from water, and yet the products contained water of crystallization. 3 
The salt was dissolved in as small a quantity of acetone as possible, and 
the toluene, carbon tetrachloride, or chloroform was added until consider¬ 
able precipitate had been formed. The mixtures were then filtered as 
quickly as possible. Fine crystals separated at once. These were re¬ 
dissolved by heating the mixture. It was then allowed to cool slowly. 
Mixtures of toluene and acetone, carbon tetrachloride and acetone, or 
chloroform and acetone were found to be the best solvents from which to 
recrystallize them. 

All these salts show polarization colors when examined under the 
microscope by polarized light. In dry acetone solution, the dried salts 
are not acid to litmus, but after a few moments exposure to the air, enough 
moisture is condensed on the surface of the solution to cause hydrolysis, 
and the litmus turns pink. All the sulfonates dissolve at once in liquid 
ammonia, and beryllium hydroxide is precipitated if the ammonia is not 
dry. 

The analyses and the fact that the microscope showed only one kind 
of crystal in each case, indicate that the products are pure. The molecular 

3 The exact amount was not determined in all cases because we were interested in 
obtaining anhydrous salts, but the melting points showed that several hydrates 
exist for each salt. 
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weight determination shows that, when dry, they are not associated or 
combined with the solvent. 

Beryllium p-toluenesulfonate 
[C,H 4 (CH s )SO,]iBe 

Beryllium p-toluenesulfonate crystallizes from a mixture of acetone and 
chloroform in colorless, monoclinic needles containing water of crystalliza¬ 
tion. This may be driven off by drying in an oven, if the temperature is 
raised slowly enough. After being dried several hours at 190°C., the salt 
does not melt until it decomposes at 318.5°C. (cor.). The analysis also 
shows that all the water has been driven off. 



Fig. 1. Beryllium p-Toluenehulfonate 

Beryllium p-toluenesulfonate is very soluble in water, absolute alcohol, 
and acetone, and insoluble in ether, benzene, and dichloromethane. It is 
insoluble in cold glacial acetic acid, but very soluble in hot. It may be 
crystallized from water, but its extreme solubility makes this impracticable. 

When crystallized from a mixture of acetone and chloroform, it melts in 
its water of crystallization at 133.8°C. (cor.), and again at 143.5-145.5°C. 
(cor.). It appears to lose water from 120°C. up, even if the capillary 
tubes are sealed. It decomposes at 318.&-319.5°C. (cor.). 

Analysts. (1) 0.2078 gram sample gave 0.0154 gram BeO and 0.2760 
gram BaSCh. Calculated: BeO, 7.14; S, 18.25. Found: BeO, 7.41; S, 
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18.24. (2) 0.1902 gram sample gave 0.0142 gram BeO and 0.2558 gram 
BaS0 4 . Calculated: BeO, 7.14; S, 18.25. Found: BeO, 7.47; S. 18.47. 

Beryllium p-xylenesulfonate 
[CeH.CCHOaSOslaBe-SHaO 

Beryllium p-xylenesulfonate, unlike the other sulfonates, crystallizes 
readily from water solution. It may be boiled to dryness without decom¬ 
position, although solutions are acid to litmus. Since it is not hydroscopic, 
like the other sulfonates, the water of crystallization was easily determined, 
by drying in an oven at 140°C. It was found to contain five molecules 
of water of crystallization. 

Large, perfect crystals may be readily obtained on slowly cooling a hot 
water solution, if the concentration is correct. They are apparently 



Fia. 2. Beryllium p-Xylenesulfonate 


monoclinic, having an extinction angle of 9° in one position, and showing 
parallel extinction in the other two. When thin, the crystals exhibit 
brilliant polarization colors. 

Beryllium p-xylenesulfonate is very soluble in water, absolute alcohol, 
hot glacial acetic acid, and acetone, and insoluble in ether, benzene, carbon 
tetrachloride, toluene, chloroform, dichloromethane, and carbon disulfide. 

When crystallized from water, it melts in its water of crystallization 
at 143.2-144.2°C. (cor.), solidifies, and melts again at 177.8-178.8° (cor.). 
When dried at 190°C., it does not melt, but decomposes at 326.9-332.2° 
(cor.). 

Analysis. 0.1428 gram sample gave 0.0096 gram BeO; 0.2474 gram 
sample gave 0.3042 gram BaS0 4 ; 0.2078 gram sample lost 0.0400 gram 
water. Calculated: BeO, 6.62; S, 16.90; H s O, 19.20. Found: BeO, 6.72; 
S, 16.89; H»0, 19.25. 
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Beryllium t-chlorotoluene-6-sulfonate 
[CeH,(CH,)(Cl)SO,],Be 

Beryllium 2-chlorotoluene-5-sulfonate is the only one of the sulfonates 
which does not melt, and yet a few crystals were once obtained which did 
melt in their water of crystallization. A detailed study was not made, 
but it would appear that crystallization under different conditions might 
produce different hydrates. The crystals do not melt even if the melting 
point tube is sealed and suddenly immersed in the sulfuric acid bath every 
ten degrees, and yet they lose weight when heated in an oven at 190~200°C. 



Fig. 3. Beryllium 2-Chlorotoluene-5-sulkonatk 


The salt may be boiled to dryness without much hydrolysis. It crystal¬ 
lizes from a mixture of dry acetone and carbon tetrachloride in long, color¬ 
less needles which are apparently monoclinic, since they have an extinction 
angle of 4° in one position, and show parallel extinction in the other two. 

Beryllium 2-chlorotoluene-5-sulfonate is very soluble in water, absolute 
alcohol, hot glacial acetic acid, and acetone, and insoluble in carbon disul¬ 
fide, ether, benzene, carbon tetrachloride, toluene, chloroform, and dichlo- 
romethane. 

It decomposes at 384.7-399.7°C. (cor.). 

Analysis . (1) 0.2964 gram gave 0.0178 gram BeO and 0.3378 gram 
BaSC> 4 . Calculated: BeO, 5.97; S, 15.26. Found: BeO, 6.01; S, 15.65. 
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(2) 0.2514 gram gave 0.0158 gram BeO and 0.2814 gram BaSOi. Calcu¬ 
lated: BeO, 5.97; S, 15.26. Found: BeO, 6.29; S, 15.37. Molecular 
weight: calculated, 420.24; found 440.3,418.0. 

Beryllium benzenesulfonate 
(C,H,80,)*Be 

The barium salt used in the preparation of beryllium benzenesulfonate 
was not made from the acid because it was not available. Instead, a mix¬ 
ture of benzene sulfochloride and water was boiled, barium hydroxide 
being added slowly, until, after boiling a few minutes, the solution no 
longer became acid. The solution was then filtered by suction, the barium 
benzenesulfonate immediately crystallizing out in colorless plates, appar¬ 
ently triclinic, showing brilliant polarization colors under the microscope. 



Fig. 4. Beryllium Benzenesulfonate 

Beryllium benzenesulfonate was made by double decomposition in the 
usual way. If the solution is evaporated on a water-bath, a hard solid 
results, which contains water of crystallization. This cannot be entirely 
refhoved by drying in an oven because the salt decomposes. After drying 
at about 120°C., the salt was cooled in a desiccator, pulverized, and recrys¬ 
tallized from a mixture of acetone and chloroform. The product gave no 
test for chlorides, even though there was a large amount mixed with the 
crude salt. 

Beryllium benzenesulfonate crystallizes from water in monoclinic plates 
having an extinction angle of 6° in one position and showing parallel extinc¬ 
tion in the other two. These crystals appear to contain more water of 
crystallization ,than those recrystallized from a mixture of acetone and 
chloroform. The latter seem to be deliquescent. 

Beryllium benzenesulfonate is very soluble in water, glacial acetic acid, 
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alcohol, and acetone. It is insoluble in carbon disulfide, ether, benzene, 
carbon tetrachloride, toluene, and dichloromethane. It seems to be very 
slightly soluble in hot chloroform. 

When crystallized from a mixture of acetone and chloroform, the salt 
melts in its water of crystallization at 72.9-74.9°C. (cor.), and again at 
94.4°C. (cor.), but if dried in the oven at 90-100°C., it melts only at 94.4°C. 
If it is carefully dried in the oven in a capillary tube, the temperature being 
slowly raised to 190°C., it does not melt. It begins to decompose at 
368.7°C. (cor.). 

For analysis, the samples were placed in small tubes and carefully dried 
to constant weight at 120-130°C. Some samples seemed to lose all their 
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water at this temperature, but others decomposed, or else still contained 
water. 

Analysis . Calculated: BeO, 7 71. Found: BeO, 7.76. 

Beryllium 2-mtrotoluene-4-sulfonate 
[C.H,(CH,)(NO l )SO,],Be 

The barium salt used in the preparation of beryllium 2-nitrotoluene-4- 
sulfonate was also made by hydrolysis of the sulfochloride, instead of by 
neutralizing the free acid. It crystallizes from water solution in large 
yellow plates, which seem to be triclinic and show brilliant polarization 
colors. 

The beryllium salt was made in the usual way, and recrystallized from 
a mixture of acetone and toluene. The salt crystallizes from this solution 
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in mono clini c needles having an extinction angle of 6° in one position and 
showing parallel extinction in the other two. They exhibit polarization 
colors. 

Beryllium 2-nitrotoluene-2-sulfonate is very soluble in water, absolute 
alcohol, acetone, and glacial acetic acid, and insoluble in carbon disulfide, 
ether, benzene, carbon tetrachloride, toluene, chloroform, and dichloro- 
methane. It appears to be slightly hygroscopic. 

When crystallized from a mixture of acetone and toluene, it melts 
in its water of crystallization at 140.6 —141.6°C. (cor.), then solidifies, and 
melts again at 181.3-182.3°C. (cor.). If carefully dried in an oven at 
160°C., it does not melt, but decomposition is noticeable at 273.6°C. (cor,). 

Analysis. Calculated: BeO, 5.69; S, 14.53. Found: BeO, 6.05; S, 
14.85. 



Fia. 6. Beryllium wi-Nitrobenzenesulfonate 

Beryllium m-nitrobenzenesulfonate 
[C c H 4 (N02)S0 3 ]2Be 

Beryllium m-nitrobenzenesulfonate was made in the usual way. The 
water solution cannot be evaporated to dryness over a flame without de¬ 
composition. After evaporation in a vacuum desiccator, it was carefully 
dried in an oven and recrystallized from a mixture of acetone and carbon 
tetrachloride. It is hygroscopic. 

The crystal system of the salt when crystallized from a mixture of ace¬ 
tone and carbon tetrachloride was not determined, but the crystals forming 
on a slide as the solvent evaporated were monoclinic, having an extinction 
angle of 7° in one position and showing parallel extinction in the other two. 

Beryllium m-nitrobenzenesulfonate is very soluble in water, absolute 
alcohol, acetone, and hot glacial acetic acid. It is insoluble in carbon 
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disulfide, ether, benzene, carbon tetrachloride, toluene, chloroform, and 
dichloromethane. 

When crystallized from a mixture of acetone and carbon tetrachloride, it 
melts in its water of crystallization at 146.8°C. (cor). If dried at 180°C., 
it melts at 203.7-204.7°C. (cor.). It does uot solidify on further heating, 
but begins to decompose at 231.8°C. (cor.). 

Analysis: Calculated: BeO, 6.07. Found: BeO, 5.95. 

Part II 

CHELATE BERYLLIUM COMPOUNDS 

In striking contrast to the beryllium salts of organic acids, beryllium 
acetylacetonate is a well-defined chemical compound (8). It is the product 
formed by replacing one hydrogen atom of each of two molecules of acetyl- 
acetone by one atom of beryllium, and is one of a series of metallic salts 
of tautomeric enol-keto compounds, the so-called chelate compounds. 
The replaceable hydrogen atoms in the keto-form (9) are attached to a 
carbon atom which is between two carbonyl groups, 

0=C—CH a —C—O 

I I 

The enol form, which forms salts, is 

H—O—C=CH—0=0 


Or, as Sidgwick states, in beryllium acetylacetonate there are “rings 
with one definite coordinate link, in which the metallic (or hydrogen) atom 
is joined to the ring on one side by a normal link, and on the other by a 
coordinate link, 

CH,—C—O O—C—CH. 

II \ / II 

CH Be CH 

\ s \ \ 

CH,—C—O 0-=C—CH, 

Chelate rings of this type are very stable. Such compounds have very 
different properties from the ordinary salts of organic acids; for instance, 
they are soluble in most organic solvents and practically insoluble in 
water. The possibility of their being of use as solutes for the electro- 
deposition of beryllium and in other ways led to the second part of this 
work—the preparation of a few beryllium salts of such compounds. 

The copper salts of these compounds have been the most investigated. 
They are usually made by shaking an alcoholic solution of the ketone or 
ester or its sodium salt with copper acetate or sulfate, often with the 
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addition of ammonia. If chlorides are used an addition product, consist¬ 
ing of the copper salt and the metallic chloride or hydrogen chloride, is 
formed. The copper salts, as well as those of most metals, are crystalline 
and insoluble in water and ether, but are easily recrystallized from hot 
alcohol, benzene, or chloroform. Although it is possible to make the 
beryllium salts in this way, it is not desirable, because the product is 
generally very impure, owing to the insolubility of beryllium hydroxide or 
carbonate in the ketone or ester used. Therefore a different procedure 
was followed in each case, according to the solubilities of the raw materials 
and products. 

Two ketones, benzoylacetone, CsHaCOC^COCHs, and dibenzoyl- 
methane, CeHfiCOC^COCsHc and one ester, ethyl acetoacetate, 
CH 1 COCH 2 COOC 2 H 5 , were chosen as typical enol-keto compounds from 
which to make beryllium salts, in order to find out whether their properties 
resemble those of beryllium acetylacetonate. Each contains the grouping 

—COCHCO— 


Be 

I 

—COCHCO— 


Beryllivm benzoylacetonate 


CH a 

1 

CHa 

1 

1 1 

C—O—Be—0—C 

II T 

II 

C- -H 

H—C 

1 

0=0 — 

i 

L—Q=C 

1 

C»H» 

1 

CeHa 


Enol form 

We first tried to prepare beryllium benzoylacetonate by a method 
similar to that used by Combes ( 11 ). An alcoholic solution of benzoyl¬ 
acetone 4 was added to moist freshly precipitated beryllium hydroxide, 
to which a little absolute alcohol had been added. Since the benzoylace¬ 
tone is very insoluble in water, it immediately precipitates, along with the 
beryllium benzoylacetonate. The latter may be separated from the excess 
beryllium hydroxide by extraction with chloroform, but, since this also 
dissolves the benzoylacetone, the product is very impure. However, the 
two may be separated by alcohol in which the salt is not very soluble, 
whereas the ketone is very soluble. The yield is very poor. 

4 The benzoylacetone was made according to Vanino, Prfiparative Chemie, Band 

O » EQff r 9 
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We found that the salt also may be made by allowing beryllium sulfate 
to stand in an alcohol solution of benzoylacetone, but this too is a poor 
method, yielding a mixture. 

The best method we found was to add a weighed amount of beryllium 
nitrate dissolved in as little absolute alcohol as possible, drop by drop, to 
an equivalent weight of benzoylacetone also dissolved in as «mn11 a quan¬ 
tity of alcohol as possible, because the salt is soluble enough not to pre¬ 
cipitate if the solutions are too dilute. 4 The crystals were washed with 
absolute alcohol to remove the mother liquor and any excess benzoylace¬ 
tone, which is very soluble in alcohol. They were then stirred with water 
to remove any beryllium nitrate or nitric acid, again washed with alcohol, 
and then ether, and recrystallized from pure toluene or benzene. Large 


Fig. 7. Beryllium Benzoylacetonate 

crystals may be obtained after a little practice. The temperature must 
be allowed to drop very slowly or else small crystals separate out even at 
70°C. A small beaker containing the boiling toluene solution was placed 
in a boiling water-bath and the temperature of the latter was allowed to 
fall 20° every three hours. The solution was seeded at 75°C. At 55°C. 
the temperature was kept constant for two hours and then allowed to drop 
slowly to room temperature. Even then small crystals separated on filter¬ 
ing. The crystals were filtered immediately and washed with absolute 
alcohol and dry, fat-free ether. Large, perfect crystals may be obtained by 
allowing a benzene solution to evaporate, but on exposure to the air, these 
apparently lose benzene, becoming a white powder. Those crystallized 

5 In the latter case, crystals will sometimes form on standing, but usually the salt 
decomposes, yielding a brown oil. The crystals formed on standing are yellow, but 
if immediately precipitated, the product is nearly white. Considerably more of the 
salt may be recovered from the filtrate by evaporation under reduced pressure 
at 50~60°C. 
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from toluene do not change. They have the same melting point as the 
white powder left after the benzene evaporates from the other crystals. 
This would seem to indicate that they contain no toluene. 

The crystals are highly refractive and show brilliant polarization colors. 
They show neither pleochroism nor absorption. They are monoclinic, 
having an extinction angle of 15° in one position and showing parallel 
extinction in the other two. 

Beryllium benzoylacetonate is insoluble in water, almost insoluble in 
ether, fairly soluble in alcohol, benzene, carbon tetrachloride, toluene, and 
hot carbon disulfide, and very soluble in chloroform, acetone, and dichloro- 
methane. It is insoluble in cold, but very soluble in hot glacial acetic acid. 
It is very slightly soluble in liquid ammonia. Ammonium hydroxide will 
not precipitate beryllium hydroxide, because the salt is insoluble in water, 
even if boiled seven hours, but if it is first boiled with nitric acid, and then 
made slightly alkaline with ammonium hydroxide, a heavy gelatinous pre¬ 
cipitate results. It is very soluble in cold, concentrated sulfuric and nitric 
acids, and it dissolves in cold, concentrated hydrochloric acid on standing 
twenty-four hours. It is hydrolyzed by refluxing with dilute (1:4) nitric 
acid in half an hour, and dissolves in dilute hydrochloric and sulfuric acids 
after boiling four hours. 

The crystals melt sharply at 210.2-211.2°C. (cor.), and begin to decom¬ 
pose noticeably at 224.8°C. (cor.). They may be sublimed if heated 
quickly, before they have time to melt. 

Analysis . Calculated: BeO, 7.58. Found: BeO, 7.69, 7.65. Molecu¬ 
lar weight: calculated, 331.24; found, 327.45, 343.6. 

Beryllium dibenzoylmethane 
Cells C fl He 


C—0—Be—O—C 


C—H 


CeHe 


H—C 

I 

-o=c 

I 

C.H, 


Dibenzoylmethane was made by condensing ethyl benzoate with aceto¬ 
phenone by means of sodium and extracting the resulting sodium salt 
with a mixture of ice cold water and ligroin. The dibenzoylmethane was 
separated by adding acetic acid to the solution of the sodium salt, filtering, 
and recrystallizing from methyl alcohol. This method is exceedingly 
tedious, and gives a very small yield, because the sodium salt hydrolyzes 
easily, producing a brown oil (probably acetophenone or a derivative), 
which clogs the filter paper and cannot be separated from the product 
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even by recrystallization. We found that a much quicker, easier way is 
to allow the ethyl benzoate, acetophenone, and sodium mixture to stand 
four or five days for the reaction to become complete, because a red-brown 
substance coats the sodium, making the reaction very slow. The resulting 
sodium salt was then washed with ether alone until it became nearly white, 
and dried in the air. The product was dissolved in water, and filtered 
quickly because it hydrolyzes easily. For the same reason it cannot be 
heated to get it into solution. The ketone was precipitated from this 
solution with acetic acid, at once. The crystals were collected on a filter, 
washed with water until a flame test showed only a trace of sodium, and 
allowed to dry in the air. The yield was fairly good, and the product 
almost white, although the melting point indicated that it was not pure. 

The beryllium salt 6 was made by mixing equivalent amounts of the 
ketone and beryllium nitrate in absolute alcohol. The solutions must be 
made with as little alcohol as possible, because otherwise the crystallization 
is very slow, and the crystals impure. A warm solution of beryllium nitrate 
was added drop by drop to a warm solution of dibenzoylmethane. As 
soon as all the beryllium nitrate was added, and not before, needles of the 
beryllium salt began to separate 7 until the solution became almost solid. 
The crystals were filtered, washed with alcohol and ether and recrystallized 
from absolute alcohol. Since the salt is not very soluble, this is a slow 
process. It crystallizes in long, pale yellow needles, which are pure. The 
crystals are light and mat easily. They do not stick together, but adhere 
to everything else, so that it is practically impossible to make pellets of 
them for a molecular weight determination. They cannot be introduced 
into the tube by a paper funnel because they stick to the paper. If the 
salt is put into small glass tubes and then slid into a larger tube, it does 
not dissolve completely out of the tubes even if allowed to boil all day. 
Therefore a molecular weight determination was not made. 

The needles show brilliant polarization colors and are apparently mono¬ 
clinic, having an extinction angle of 5° in one position and showing parallel 
extinction in the other two. The ends are always jagged, as no pinacoid 
or prism faces form. (See figure 8, page 75.) 

Beryllium dibenzoylmethane is insoluble in water, slightly soluble in 

* It cannot be made by mixing the ketone with beryllium hydroxide because the 
ketone, being insoluble in water, precipitates immediately, along with what little 
of the salt is formed. 

7 If the materials are not in equivalent amounts, or if the dibenzoylmethane is 
not almost white, no crystals separate. If it stands long enough, or is distilled under 
reduced pressure, a brown paste results which cannot be easily purified. A very 
Bmall amount may be recovered by leaching out the impurity with alcohol, in which 
beryllium dibenzoylmethane is not very soluble. If the dibenzoylmethane is pure, 
a good deal of the product may be recovered from the filtrate by evaporation under 
reduced pressure. 
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ether, fairly soluble in carbon tetrachloride, toluene, and hot alcohol, and 
very soluble in benzene, chloroform, acetone, carbon disulfide, and dichlo- 
romethane. It is insoluble in cold glacial acetic acid, but very soluble 
when heated. It is insoluble in liquid ammonia. 

Beryllium hydroxide is not precipitated on addition of ammonium 
hydroxide to a mixture of the salt and water, owing to the insolubility of 
the salt, but after it is boiled a few minutes with nitric acid, ammonia 
causes a heavy gelatinous precipitate. It is neither dissolved nor hydro¬ 
lyzed by water, even after seven hours boiling. It is very soluble in cold 
concentrated sulfuric acid and nitric acid. It does not dissolve in cold, 
concentrated hydrochloric acid, but dissolves when heated. It is insoluble 
in dilute sulfuric acid and hydrochloric acid, even when boiled seven hours. 
After two hours boiling, it dissolves in dilute nitric acid, with the separation 
of a white, powdery precipitate. 

The crystals melt sharply at 214-215°C. (cor.), and do not decompose 
easily. A noticeable change in color occurred at 262° (cor.). The com¬ 
pound may be sublimed if heated quickly, before it melts. 

Analysis . Calculated: BeO, 5.51. Found: BeO, 5.60. 

Beryllium ethyl acetoacetate 

CH 3 CH s 

I I 

C—O—Be—O—C 

II T I II 

C—H H—C 

I I 

C -o— J L —O^-C 

I I 

OC.H 5 ()C 2 H* 

Beryllium ethyl acetoacetate was prepared by stirring ethyl acetoacetate 
into moist beryllium hydroxide to which a little absolute alcohol had been 
added. As soon as the acetate was added, a salmon-pink oil began to 
separate. The reaction must be watched, because if allowed to stand too 
long, the mixture becomes a mass of crystals which cannot be separated 
from the excess beryllium hydroxide. The reaction may be complete in 
one hour or may take several days. The beryllium ethyl acetoacetate 
cannot be separated by extraction with ether, because some ethyl aceto¬ 
acetate is dissolved also, contaminating the product. Therefore small 
portions of the oil were removed by a pipet about every five minutes 
and dropped into ice-cold distilled water. When a sample formed crystals 
immediately, the oil was quickly separated from the beryllium hydroxide 
by a pipet. The oil was separated by a suction filter from any beryllium 
oxide which might have been included and poured into about twenty times 
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its own volume of ice-cold distilled water. The beaker was packed in ice 
and left until the oil had entirely solidified. If left in the water too long, 
the salt hydrolyzes. Since the crystals are light, they leave the oil and 
rise to the surface. As soon as this happened, the mass was separated 
from the liquid on a suction filter. The crystals were removed from the 
funnel and stirred with 400-600 cc. of distilled water at room temperature, 
and again filtered. The washing was repeated until the product was pure 
white. It must be done quickly in order to prevent hydrolysis. Dried 
in a vacuum desiccator, the salt becomes a pure white, fluffy, crystalline 
product which melts sharply at 60.6°C\, giving a clear melt. It is too 
soluble in most organic solvents to be easily reerystallized. The product 



may be separated from any beryllium oxide by dissolving in fat-free ether 
and filtering. Since crystals do not form until the ether lias evaporated, 
a photograph of the separate crystals is difficult to obtain. As the ether 
evaporates, crystals build up on the edges of the filter paper, and these 
were scraped off and photographed. 

Owing to the fact that the crystals could not be separated from the 
mother liquor, it was difficult to determine the crystal system to which 
they belong. They seem to be monoclinic, having an extinction angle of 
7 ° in one position and showing parallel extinction in the other two. 

Beryllium ethyl acetoacetate is insoluble in water and very soluble in 
alcohol, ether, benzene, carbon tetrachloride, dichloromethane, and glacial 
acetic acid. It is only slightly soluble in liquid ammonia contained in an 
open beaker. It begins to decompose into beryllium hydroxide and ethyl 
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acetoacetate if allowed to stand in water a few moments, and hydrolysis 
is complete on boiling. It dissolves instantly in cold concentrated hydro¬ 
chloric acid, in nitric acid, and in dilute sulfuric acid. In the latter case, 
an oil separates. Beryllium ethyl acetoacetate is very soluble in cold, 
concentrated sulfuric acid, in dilute hydrochloric acid, and in dilute nitric 
acid. 

It melts sharply at 60.6-61.1°C. (cor.), giving a clear melt. If heated 
slowly, it begins to decompose at 228.5°C. (cor.), turning yellow. 

Since the most carefully made salt still contained about 7 per cent of 
beryllium oxide, which was the only impurity provided the washing was 
thorough, this had to be removed before analysis. A pure product was 
obtained by dissolving the impure salt in dry, fat-free ether, filtering, and 
driving off the ether on a water-bath. The melted salt was then poured 



Fig. 9. Beryllium Ethyl Acetoacetate 

into a weighed glass tube; such as is used in Carius analyses, and cooled 
in a desiccator and analyzed. 

Analysis. Calculated: BeO, 9.39. Found: BeO, 9.52, 9.46. Molecu¬ 
lar weight: calculated, 267.24; found, 266.8, 261.2. 

After this work was finished, an article (13) appeared describing the 
preparation of beryllium ethyl acetoacetate by a slightly different method 
from that by which it was prepared in this laboratory. “‘Beryllium aceto- 
acetic ester was prepared according to the method described by Konrad 
(Ann. 188, 273) for the preparation of the aluminum compound. A 
berylate solution was prepared by adding strong potassium hydroxide to 
10.1 grams of beryllium sulfate until the alkali was slightly in excess, and 
then adding 17 grams of freshly distilled a^cetoacetic ester. From the 
originally clear solution, there soon separated colorless leaflets, which could 
be recrystallized from petroleum ether, and which melted at 63°C. The 
yield was 3 grams, 20 per cent of the theoretical. The crystals may be 
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easily distilled in a vacuum at 166°C. under a pressure of 13 mm. They 
are readily soluble in alcohol, benzene, etc.” 

summary of part ii 

Beryllium benzoylacetonate and beryllium dibenzoylmethane were 
found to be very similar to beryllium acetylacetonate. They are both 
crystalline, well-defined compounds, soluble in alcohol, acetone, chloroform, 
benzene, carbon tetrachloride, toluene, carbon disulfide, and dichloro- 
methane, and insoluble in water. They melt sharply, but at much higher 
temperatures than the acetylacetonate, 210.2°C. and 214°C., respectively, 
and they do not sublime readily, although they may be sublimed if heated 
quickly, before they have time to melt; beryllium acetylacetonate melts 
at 108°C. and begins to sublime even before 100°C. They are soluble in 
concentrated acids, but are not hydrolyzed by water even after boiling 
seven hours. 

Beryllium ethyl acetoacetate, however, although it dissolves in the same 
solvents, is much too soluble to be crystallized from any of them. It is 
very easily hydrolyzed to beryllium hydroxide and ethyl acetoacetate, 
even in cold water. Hydrolysis also takes place when toluene, benzene, 
or ether solutions are allowed to evaporate slowly and is probably due to 
water absorbed by solvent. Beryllium ethyl acetoacetate melts at a 
much lower temperature than the other two compounds, namely, 60.6°C. 
It may be sublimed if heated quickly under reduced pressure, but under 
atmospheric pressure it melts, and, if carefully heated, may be distilled 
at about 150°C., although some decomposition always takes place. 

A comparison of the solubilities of the salts in ether is interesting. Beryl¬ 
lium ethyl acetoacetate is exceedingly soluble; beryllium acetylacetonate is 
soluble; beryllium dibenzoylmethane is slightly ^soluble; while beryllium 
benzoylacetonate is almost insoluble. 

summary 

The following compounds have been made and analyzed, and their prop¬ 
erties studied: beryllium p-toluenesulfonate, beryllium p-xylenesulfonate, 
beryllium 2-chlorotoluene-5-sulfonate, beryllium benzenesulfonate, beryl¬ 
lium 2-nitrotoluenesulfonate, beryllium m-nitrobcnzcnesulfonate, beryl¬ 
lium benzoylacetonate, beryllium dibenzoylmethane, and beryllium ethyl 
acetoacetate. 
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An examination of the literature shows that few experimental studies 
have been made on the electrical conductivity of systematic mixtures of 
electrolytes. Two recent papers that do contribute directly to this 
subject are by Stern (1) and Ruby and Kawai (2). Stern examined the 
equivalent conductivity of systematic mixtures of the sodium and potas¬ 
sium halides from 0.1 M to 4 M at 25°C. He compared his experimental 
values with values calculated on the assumption that the conductivity of 
the mixture is additive. He did not find this rule to hold true. Ruby 
and Kaw^i studied the various combinations of sodium chloride, potas¬ 
sium chloride, and hydrochloric acid for the purpose of “discovering the 
nature of such solutions and to test the value of the methods of calculating 
the conductances of solutions of such mixtures of elect roly tes.” They 
did not find their experimental values to fit into any of the known methods 
for calculating such data. In addition to these two papers, H. C. Jones 
and C. M. Stine (3) worked with a variety of salt mixtures but their con¬ 
centrations, with few exceptions, did not go below 0.5 N. Pascoe (4) 
worked with mixed salt solution in an attempt to correlate the conductivity 
of plant saps and of soils with their ionic concentrations. The present 
investigation was undertaken for the purpose of extending such conduc¬ 
tivity data over a wider range of salts and into higher valence types in the 
hope of revealing the factor or factors that are responsible for their erratic 
behavior. 


MATERIALS 

The salts used in this investigation, namely, sodium chloride, sodium 
sulfate, magnesium chloride, magnesium sulfate, copper sulfate, zinc 
sulfate and potassium chloride, and the hydrochloric acid used were all of a 
c.p. grade and no further purification was attempted except for the 
magnesium sulfate, which was recrystallized once, and the hydrochloric 

1 Published as paper No. 1123, Journal Series, Minnesota Agricultural Experiment 
Station. 

* Guest of the University of Minnesota. 
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acid, which was redistilled. The sodium chloride, potassium chloride, and 
sodium sulfate solutions were prepared by direct weighing of the dried 
salt; the hydrochloric acid was standardized according to the method of 
Hulett and Bonner (5); the other solutions were prepared by precipitating 
the sulfates as barium sulfate and the chlorides as silver chloride and 
weighing the respective precipitates. In general, the dilute solutions were 
prepared from the more concentrated ones. Double-distilled water was 
used in the preparation of the solutions that had a specific resistance of 
approximately 5 X 10~ 6 mhos and the solutions were preserved in Pyrex 
glass. The solutions were volume normal at 20°C. and burettes were 
used in proportioning them in the combinations desired. The combina¬ 
tions copper sulfate-sodium chloride, zinc sulfate-sodium chloride, sodium 
sulfate-sodium chloride, and magnesium sulfate-magnesium chloride 
were studied at 0.01 N, 0.1 N , 1 N, and 2 A r concentrations; the other 
combinations did not cover as wide a range of concentration. 

APPARATUS AND PROCEDURE 

The usual Wheatstone bridge set-up was used in making the con¬ 
ductivity measurements, consisting of a Leeds and Northrup precision 
bridge with extension coil, a Leeds and Northrup precision resistance 
box, a type K Vreeland Oscillator at 1000 cycles, a telephone tuned to 1000 
cycles, and three conductivity cells of the Washburn (6) type. The cell 
constants were 2.544, 17.11, and 115.0. Since most of the measurements 
were made during the warm part of the summer, a higher temperature 
than usual was used in this work, namely 30.17°C. ±0.02. The ratio of 
the bridge arms was determined and suitable corrections made in the 
calculations. The water correction was made in the solutions of 0.01 N 
concentration. All glassware was standardized and corrections were 
made, where necessary. 


RESULTS 

The results arc given in table 1, which includes the names of the combi¬ 
nations studied, the proportion of each compound in the mixture, the 
experimental values and AA, the difference between the experimental 
value and that calculated on the assumption that the conductance of the 
mixture is additive. AA is given a positive sign when the calculated 
value is greater than the observed value, and a negative sign when less than 
the observed value. 


DISCUSSION 

i 

The data presented here do not show any decided regularity in their 
behavior. Such combinations as copper sulfate-sodium chloride, zinc 
sulfate-sodium chloride, sodium sulfate-sodium chloride, and potassium 
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TABLE 1 

Conductivity data and AA, the difference between the calculated and experimental values 


T = 30 17°C. 


CONCENTRATION OF SOLUTION 

NaCl 

CuS0 4 

0 0100 N 

0 0100 N 

o o 

1 000 AT 

0 9295 N 

2 000 N 

1 859 AT 

VOLUME OP SOLUTION 

Ratio NaCl CuSOi 

A 

AA 

A 

AA ! 

A 

AA 

A 

AA 

100:0 

131 2 


119 0 

1 

1 

95 50 


83 30 


80.20 

127 1 

-4 0 

110 1 

-3 9 

83 82 

-0 71 

71 20 

0 87 

60.40 

121 0 

-5 9 

98 41 

-5 0 

71 55 

-0 83 

59 44 

1 40 

50.50 

116 6 

—5 6 

91 50 

—4 5 

65 18 

-0 65 

53 86 

1 36 

40.60 

111 8 

-4 8 

84 87 

-4 3 

59 00 

-0 67 

48 19 

1 41 

20 80 

101 5 

-2 6 

70 47 

—2 7 ! 

46 40 

-0 46 

37 53 

0 84 

0.100 

90 87 


55 01 


33 55 


27 14 



T = 30 17°C. 


CONCENTRATION OF SOLUTION 

NaCl * 

ZnS0 4 

0 0100 N 

0 0100 N 

0 1000 N 

0 1000 N 

1 000 N 

1 000 N 

© <5 
© 

© 00 

frl 1-1 

VOLUME OF SOI I TION 

Ratio NaCl ZnbO* 

A 

AA 

A 

' AA 

A 

AA 

A 

AA 

100:0 

80.20 

130 9 
128 2 

-4 5 

118 9 
110 5 

-3 7 

95 52 
82 61 

0 52 

83 32 
68 39 

3 61 

60.40 

121 7 

-5 5 

99 32 

-4 5 

70 38 

0 60 

57 49 

3 20 

50:50 

117 7 

-5 1 

93 70 

-4 9 

64 21 

0 54 

52 60 

2 43 

40*60 

114 0 

-5 1 

87 80 

-5 1 

58 20 

0 31 

47 49 

1 88 

20 80 

104 8 

-3 3 

73 52 

-2 9 

46 00 

0 04 

37 35 

0 71 

0:100 

94 21 


58 60 


33 57 


26 74 



T = 30 17°C 


CONCENTRATION OF SOLUTION 

NaCl 

Na*SO« 

0 0100 N 

0 0100 N 

iH iH 

o o 

1 000 N 

1 000 N 

2 000 N 

2 000 N 

VOLUME OF SOLUTION 

x 

AA 

A 

AA 

A 

AA 

A 

AA 

Ratio NaCl Na*S0 4 









100:0 

131 0 


118 9 


95 52 


82 09 


80:20 

129 9 

-0 1 

115 5 

-0 2 

88 34 

0 29 

75 39 

0 75 

60:40 

128 9 

-0 3 

111 9 

-0 3 

82 29 

1 45 

68 98 

1 22 

50:50 

128 4 

-0 3 

109 9 

-0 1 

79 58 

1 21 

65 98 

1 25 

40:60 

127 7 

-0 2 

107 8 

0 2 

76 69 

1 15 

62 97 

1 28 

20:80 

126 4 

-0 1 

104 2 

0 1 

71 32 

0 63 

57 56 

0 75 

0:100 

125 1 


100 7 


66 06 


52 36 
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TABLE 1— Continued, 


T = 30 17°C. 


CONCENTRATION OF SOI UTION 

MgCh 

Na,80 4 

0 0093 N 

0 0093 N 

0 0927 N 

0 0932 N 

0 9270 N 

0 9315 N 

2 000 AT 

2 000 N 

VOLUME OP SOLUTION 

a 

AA 

A 

AA 

A 

AA 

A 

AA 

Ratio MgClt NasSOi 









100:0 

127 4 


110 9 


80 85 


64 38 


90:10 



106 3 

3 50 

77 72 

1 74 



80:20 

121 8 

5 0 

103 3 

5 41 

75 39 

2 67 

59 78 

2 2 

70:30 

120 1 

6 4 

101 1 

6 51 

71 94 

4 73 



60:40 

119 1 

7 1 

98 09 

8 42 

69 80 

5 48 

55 78 

3 8 

50:60 

118 4 

7 5 

96 37 

9 04 

67 97 

5 92 

54 07 

4 3 

40:60 

118 1 

7 5 

95 40 

9 28 

66 76 

5 73 

53 07 

4 1 

30:70 

118 3 

7 0 

95 04 

9 18 

66 53 

4 47 



20.80 

120 4 

4 6 

96 57 

5 55 

66 00 

3 71 

52 02 

2 7 

10:90 



98 16 

2 87 

66 43 

1 88 

52 16 

1 4 

0 100 

124 4 


99 93 

j 


66 92 


52 36 



30 ire. 


CONCENTRATION OF SOLUTION 

MgCli 

MgS0 4 

0 0100 N 

0 0100 N 

0 0927 N 

0 0930 N 

0 9270 2V 

0 9295 JV 

VOLUM> OF SOLUTION 

Ratio MrCIj MgbOi 

A 

AA 

A 

A \ 

A 

AA 

100:0 

128 9 


111 9 


80 57 


90:10 



105 5 

1 66 

75 96 

0 34 

80:20 

121 1 

1 7 



71 60 

0 43 

70:30 



95 70 

1 97 

66 99 

0 68 

60:40 

115 0 

1 7 

90 85 

2 08 

62 17 

1 23 

50:50 

112 0 

1 7 

86 18 

2 01 

58 06 

1 17 

40*60 

109 2 

1 4 

81 78 

1 67 

53 58 

1.38 

30:70 





49 52 

1.17 

20:80 

103 5 

1 1 

72 59 

1 37 

45 45 

0 98 

10.90 



68 59 

0 63 

41 52 

0 64 

0.100 

98 46 


64 48 


37 89 
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TABLE 1 —Continued 




T - 

30 17°C 



CONCENTRATION OP SOLUTION 





MgClj 

0 0927 N 

0 927 N 

NaCl 

0 1000 N 

1 000 N 

VOU ME OF SOI l TION 





Ratio MgClj NaCl 

A 

AV 

A 

AA 

100 0 

109 8 


80 46 


90 10 



81 89 

-0 01 

80 20 

111 7 

-0 1 

83 56 

-0 26 

70 30 



84 90 

-0 18 

60 40 

114 1 

-0 7 

86 65 

-0 41 

50 50 

114 9 

-0 5 

87 74 

-0 17 

40 60 

116 0 

-0 7 

89 17 

-0 25 

20 80 

117 8 

-0 7 

92 11 

-0 27 

10 90 



93 57 

-0 31 

0 100 

118 9 


94 68 


CONCENTRATION OF SOLUTION 





KC1 

0 0100 N 

0 5000 AT 

HC1 

0 0100 N 

0 6000 N 

VOLUME OF SOLUTION 





Ratio KC1 HC1 

A 

AA 

A 

AA 

100 0 

156 2 


128 2 


80 20 

213 8 

0 9 

181 6 

-0 2 

60 40 

272 1 

1 0 

234 5 

• 00 

50 50 

301 5 

0 9 

261 5 

-0 4 

40 60 

331 0 

0 6 

289 5 

-1 8 

20 80 

390 0 

0 0 

341 7 

-1 9 

0 100 

448 5 


394 0 



T - 

■ o°c 



CONCENTRATION OF SOLUTION 





NaCl 


0 1000 N 


CuSO« 


0 1000 N 


VOLUME OF SOLUTION 





Ratio NaCl CuSO* 



aa 

100 0 

58 28 



80 20 

53 56 

-1 47 

60.40 

47 43 

-1 53 

50 50 

44 51 

-1 71 

40 60 

41 30 

-1 60 

20 80 

34 20 

-0 69 

0 100 

27 32 
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TABLE 1 —Concluded 


T - 30 17°C. 

CONCENTRATION OF SOLUTION 



CuSO< 

0 0100 N 

ZnS0 4 

0 0100 N 

VOLLMF OF SOLUTION 



Ratio CuSO< ZnSOi 


AA 

100:0 

90 55 


80:20 

91 93 

-0 66 

60:40 

92 62 

-0 63 

50:50 

93 45 

-1 09 

40:60 

93 66 

-0 95 

20:80 

94 68 

-0 94 

0:100 

94 16 



chloride-hydrochloric acid show positive, negative, and zero values for 
AA; other combinations, such as magnesium chloride-sodium sulfate 
and magnesium chloride- magnesium sulfate, show only positive deviations 
for the concentrations studied. The results, as a whole, suggest, however, 
that when a sufficiently wide range of concentrations has been studied for 
any combination, they will show all three variations from the straight line 
curve. Table 2 is a tabulation of these deviations expressed qualitatively; 
the table also includes data taken from Stern (1) and from Ruby and 
Kawai (2)^. Our data are not strictly comparable with those of Stern and 
of Ruby and Kawai since they used weight-normal solutions, whereas 
we used volume-normal; the general trend of all three researches, however, 
is the same. 

No explanation is offered at the present time for the apparently erratic 
behavior of these conductivity measurements. Stern used the theory of 
complex ion formation to explain his data; this requires a positive value 
for AA and that this value should increase with increasing concentration. 
Our measurements do not reasonably substantiate this theory, since all 
the AA values found for the combination magnesium chloride— sodi um 
chloride are negative and likewise for the combination potassium chloride- 
hydrochloric acid at concentrations above 0.5 N\ Even the combinations 
magnesium chloride—sodium sulfate and magnesium sulfate—magnesium 
chloride, which gave positive values for AA for all values studied, do not 
support the complex theory since the values at 0.1 N concentration are 
larger than at either higher or lower concentrations. If complex ions do 
occur in these solutions and contribute to the erratic behavior of their 
conductivities, then it is evident that their effect is less than some other 
superimposed phenomena. 
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In considering the problem of complex ions it should be kept in mind.also 
that the studies of Maclnnes (7), Dewey (8) and others on the transport 
numbers of the sodium and potassium halides have failed to find complex 
ions in these solutions. 

The inter-ionic attraction theory of Debye and Hiickel (9) and its 
modification by Onsager (10) in its present state cannot be applied to these 
data since it has been developed for systems containing only two ionic 
species. While Bennewitz, Wagner, and Ktichler (11) have extended 
Onsager’s calculations to ternary ion mixtures it is still inapplicable, since 

TABLE 2 


Showing the direction of the deviation of the experimental from the calculated values 


NORMAL CONCENTRATION 

0 01 

0 1 

0 5 

1 

a 

4 

Combination: 







CuSO.-NaCl 

- 

- 


— 

+ 


ZnSO.-NaCl 

- 

- 


+ 

+ 


CuS0 4 -ZnS0. 

— 






Na,S0 4 -NaCl 

- 

- 


+ 

+ 


MgClj-NajSO. 

+ 

+ 


+ 

+ 


MgCh-MgSO, 

+ 

+ 


+ 



MgCl a -NaCl 


— 


— 



KC1-HC1 

+ 


— 




KC1-HC1* 



+ 

— 

— 

—* 

NaCl-HCl* 



+ 

+ 

+ 

— 

KCl-NaCl* 



— 

+ 

+ 

+ 

KCl-NaClf 


- 

+ 

+ 

+ 

. + 

KBr-NaBrf 


— 

+ 

+ 

+ 

+ 

KI-Nalt 


- 

+ 

+ 

+ 

4- 


Sign is negative when observed value is greater than calculated; positive the 


converse. 

* Taken from Ruby and Kawai. 
f Taken from Stern. 

their method requires that one of the three ionic species shall be limited 

to a small concentration in comparison to the other two ions. 

The effect of solvation of the ions on their electrical conductivity is 
without a doubt a factor of considerable magnitude, but accurate in¬ 
formation on solvation is too limited to be of much satisfaction. Atten¬ 
tion should be called, however, to the similarity of our curves with those 
obtained by Jones and collaborators (3) wherein they measured the con¬ 
ductivity of salts in mixed solvents. Their data, which they obtained by 
varying the ratio of the solvent components and keeping constant the con¬ 
centration of the salt, give curves that have essentially the same char¬ 
acteristics as those obtained by us. This permits the conclusion that the 
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reaction between the solute and the solvent is of major importance in the 
interpretation of electrical conductivity data. 
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In the published account of their work, Smyth and Engel (1) draw at¬ 
tention to the curious results obtained for certain systems of which, perhaps, 
ethyl alcohol-n-heptane is the most important. They offered no adequate 
explanation for their observation that for certain solutions the partial 
pressures of alcohol exceeded the vapor pressure of pure alcohol at the 
same temperature. Although they searched for evidence, they found 
none to support the suggestion that the system might not be a true binary 
system of the components considered. 

If this*system is a true binary system of alcohol and n-heptane the 
results should agree with the equation of Duhem-Margules within the 
limits set by the deviations from the laws of perfect gaseous solutions on 
the part of the vapor, and this agreement would be independent of the 
complexity of the liquid phase. When their results are tested by this 
method, not only do the partial pressures of both components for solutions 
rich in alcohol appear to be at variance with this equation, but those for 
solutions rich in heptane also cannot be reconciled with it. A wide range 
of liquid compositions are involved and it seems unlikely that the assump¬ 
tion made in selecting the components could be the primary cause of the 
discrepancy. On the other hand, one would hesitate before attributing 
it to experimental error were it not for the fact that such errors have not 
infrequently affected the results of other careful workers in this field. For 
these reasons we undertook the study of the system by a method in which 
such errors as occurred would differ from those likely to occur in the 
Sameshima (2) method used by Smyth and Engel. 

MA TERIALS 

We requested the Ethyl Gasoline Corporation to send us a sample of 
n-heptane identical in character with that used by Smyth and Engel. 
The heptane obtained from them was re-distilled. Our crude alcohol was 
anhydrous ethyl alcohol (Squibbs). This was dried with sodium, dis¬ 
tilled in a carefully dried apparatus, and promptly transferred to dry glass 
capsules which were sealed off and later inserted into our apparatus proper. 
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METHOD AND RESULTS 

The apparatus was identical with and the procedure similar to that used 
for the study of the system methyl alcohol-n-hexane (3). The measure¬ 
ments were made at 30°C., since we feared that at higher temperatures 
and consequently at higher pressures the vapor would be very ab- 

TABLE 1 


The apparent formula weight of n-heptane 



TEMPERATURE 

VAPOR COMPOSITION 

Weight per cent 

OF HEPTANE 

TOTAL PRESSURE 

CALCULATED 
FORMULA WEIGHT 

(1) 

*C 

34 9 

100 

58 2 

100 6 

(2) 

34 8 

100 

58 5 

100 9 

(3) 

34 9 

100 

60 2 

101.3 

(4) 

34 6 

71 3 

102 9 

101.6 


TABLE 2 

Vapor pressure determinations at 30.0°C. 


SUBSTANCE 

VAPOR PRESSURE 

OBSERVER AND REFERENCE 

Ethyl alcohol 

78 4 

Freed and Morris 


78 2 

Freed and Morris 


78 2 

Smyth and Engel (1) 


78 06 

Young (5) 


78 5 

Regnault (6) 

n-Heptane 

58 4 

Freed and Morris 


59 0 

Freed and Morris 


58 2 

Freed and Morris 


58 5 

Freed and Morris 


58 2 

Smyth and Engel (1) 


58 35 

Young (5) 

Water 

32 0 

Freed and Morris 


31 8 

International Critical 



Tables (4) 


normal. We assumed that the deviation of the apparent formula weight 
\ / = ~py~) ^ rom norma ^ (100.13) was proportional to the partial pres¬ 


sure of the heptane and that this was the only complication in which the 
vapor was involved which merited consideration. 

Several experiments were carried out in order to determine a suitable 
value for the apparent formula weight of n-heptane vapor at 58.4 mm. and 
35°C. The results of these are given in table 1. It may be noted that 
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the highest value was obtained in the last experiment. This suggests a 
slight volume change on mixing the pure vapors and this point will 
be further investigated by us. However, at these low pressures an exact 
determination could not be made and we chose as a probable value 101.0. 

Although our previous investigations indicate the method of study to 
be an adequate one, this is no check on the manner in which the present 
work was performed. To some extent, the vapor pressure measurements 
given in table 2 constitute such a check. 

TABLE 3 


The coexistent phases , the total and partial pressures at 30 00 ±.01°C. 


NUMBBR 

rORMLIA 
W1IORT OF 
fl-HEPTANE 

WEIGHT PER CENT 
OF ALCOHOL 

TOTAL 

PRESSURE 

CALCULATIONS BASED UPON WEIGHT 

PER (ENT RBSUITS AND THE FORMULA 
WEIGHTS 40 05 AND 101 0 

Molo IX'] 
alee 

Liquid 

r cent of 
>hol 

Vapor 

| Partial pressures 

Liquid 

Vapor 

Alcohol 

n- 

Hept&ne 

1 


100 0 

100 0 

78 3 

100 0 

100 0 

78 3 

0 0 

2 

100 3 

92 7 

67 2 

94 3 

96 5 

81 8 

77 1 

17 2 

3 

k 100 6 

82 0 

48 9 

110 0 

90 8 

67 7 

74 6 

35 5 

4 

100 9 

67 7 

40 5 

119 4 

82 2 

59 9 

71 5 

47 9 

5 

100 9 

47 2 

37 7 

122 0 

66 3 

57 1 

69 6 

52 4 

6 

100 9 

19 4 

36 0 

122 0 

34 6 

55 2 

67 4 

54 6 

7 

101 0 

13 5 

35 1 

120 5 

25 5 

54 2 

65 3 

55 3 

8 

101 0 

5 7 

31 5 

115 2 

11 7 

50 2 

57 8 

57 4 

9 

101 0 

5 1 

32 3 

117 1 

10 5 

61 2 

59 9 

57 2 

10 

101 0 

2 2 

28 9 

109 0 

4 7 

47 2 

51 4 

57 6 

11 

101 0 

0 6 

22 9 

95 0 

1 4 

39 5 

37 5 

57 5 

12 

101 0 


16 7 

83 5 


30 5 

25 5 

58 1 

13 

101 0 

0 0 

0 0 

58 4 

0 0 

0 0 

0 0 

58 4 


Our results for the two component system are givm in table 3. The 
liquid composition for No. 11 is not given. It was too close to pure hep¬ 
tane for accurate determination nor can it be better obtained from the 
total pressure curve by interpolation. A probable value of 0.5 mole per 
cent alcohol might be tentatively assigned. No. 8 was our first experiment 
with systems of low alcoholic content and is in our belief a poor determina¬ 
tion. It is included because we do not wish to present selected results. 

The total and partial pressures (No. 8 omitted) are indicated in figure 1. 
For comparison, the results of Smyth and Engel were recalculated to a 
b asis of 101.0 for heptane and are also included. This recalculation did 
not mate rially alter the nature of their results. When one considers the 
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actual differences between the two total pressure curves, it would appear 
that the curves are in fair agreement except at the heptane end. Thus 
their maximum pressure is 119.9 mm. whereas ours is 122 mm. On the 



Fia. 1 . Partial Pressures and Vapor Pressures 


other hand, there are marked differences between our partial pressure 
curves. We fotind no evidence of points of inflection on these curves at 
their lower ends nor a maximum on the alcohol curve; in other words, no 
evidence of those peculiarities which were so markedly at variance with 
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the equation of Duhem-Margules and which first excited our interest in 
this system. 


SUMMARY 

1. The compositions of the co-existent phases have been determined at 
30.00°C. for the system ethyl alcohol-n-heptane. 

2. The total pressures have been measured and the partial pressures 
calculated. 

3. No evidence was obtained in support of the curious partial pressure 
curves which had previously been reported by others. 

In conclusion, we wish to thank the Ethyl Gasoline Corporation for the 
sample of n-heptane furnished by them. 
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THE SOLUBILITY OF METALLIC LITHIUM IN LIQUID 
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Seely (1) was the first to observe that liquid ammonia dissolves metallic 
lithium. Following this observation several investigations (2) have been 
reported relative to the physical properties of lithium solutions. 

Although metallic lithium has been regarded as highly soluble in liquid 
ammonia, Ruff and Geisel (2a) are the only workers to carry out direct 
quantitative solubility measurements at different temperatures. They 
filtered the saturated solution through cotton and then analyzed the filtrate 
for lithium and ammonia. Measurements at 0°, —25°, —50° and — 80°C. 
gave in each case a value of 3.93 gram-molecules of ammonia per gram- 
atom of lithium for the composition of the saturated solution. The solu¬ 
bility of metallic sodium in ammonia decreases with increasing tempera¬ 
ture from —100° to 0°C., while that of metallic potassium increases with 
increasing temperature over the same temperature range (3). Although 
the changes in solubility with the temperature are relatively small in these 
two cases, it is difficult to understand the lack of change in the case of 
lithium. It appears that the method employed by Ruff and Geisel is not 
sufficiently accurate to detect small changes in the solubility. 

Kraus and Johnson (2f) have measured the vapor pressure of solutions of 
lithium in liquid ammonia at — 39.4°C. from the saturation point to a con¬ 
centration of 60 gram-molecules of ammonia per gram-atom of lithium. 
A value of 3.61 NH 8 /Li was found for the composition of the saturated 
solution. The pressure-composition curve offers a convenient means for 
the determination of the solubility of an alkali metal in this medium. 
When ammonia is added to the metal, the resulting solution shows a constant 
vapor pressure, that of the saturated solution, as long as any undissolved 
metal remains. The change in the vapor pressure in passing from the 
saturated solution to those less concentrated in metal is very abrupt. 
When this curve is extrapolated to intersect the horizontal line representing 
the vapor pressure of the saturated solution, there is obtained a point corre¬ 
sponding to the composition of this solution. 

1 From a thesis submitted by M. M. Piskur to the Faculty of the Division of the 
Physical Sciences of the University of Chicago in partial fulfilment of the require¬ 
ments for the degree of Master of Science. 
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In the present investigation the vapor pressure of solutions of lithium in 
liquid ammonia is determined at 0°, -32.7°, -33.2° and -63.5°C. in order 
to obtain the composition of the saturated solution as a function of the 
temperature. The results clearly show the solubility of metallic lithium 
to increase appreciably with increasing temperature. 

APPARATUS AND MATERIALS 

The method employed for the vapor pressure measurements was essen¬ 
tially the same as that previously described for lithium solutions (2f). 
Since most of the experiments were confined to concentrated solutions of 
the metal, only small amounts of hydrogen were found to be liberated due 
to a reaction between lithium and ammonia. The hydrogen was removed 
from the apparatus during the course of a series of measurements in order to 
obtain true equilibrium pressures. 

The measurements were carried out at several different temperatures, 
0°, —32.7°, —33.2° and — 63.5°C. To maintain the temperature at 0°C., 
the vapor pressure tube was surrounded by a Pyrex Dewar flask containing 
finely-chipped ice in equilibrium with water. A thermometer calibrated 
by the Bureau of Standards was inserted in the bath and the temperature 
was noted to remain at 0°C. 0.05° for a period of several hours. A thin- 

walled glass tube was placed around the vapor pressure tube in order to 
keep the lithium separated from the ice-water mixture in case of accident. 
It was found more difficult to maintain constant temperature in the neigh¬ 
borhood of the normal boiling point of liquid ammonia. The ammonia in 
the Dewar tube was allowed to boil against a column of mercury of approxi¬ 
mately 1 cm. which was exposed to the atmosphere. In addition, the 
height of the liquid ammonia in the Dewar tube was kept as constant as 
possible by frequent additions. However, owing to changes in the height 
of this column and changes in the atmospheric pressure, the variation of the 
temperature during the course of an experiment was ±0.1°. A tempera¬ 
ture of — 63.5°C. was obtained with a mixture of liquid nitrogen and chloro¬ 
form. No difficulty was experienced in keeping this temperature con¬ 
stant to ±0.1°. 

The metallic lithium used in the experiments was found to be free of iron 
and potassium and to contain a small amount of sodium. Liquid ammonia 
of commerce was siphoned into small steel tanks containing a few grams of 
metallic sodium as a dehydrating agent. The ammonia was distilled into a 
second steel container before being used for the experiments. 

RESULTS 

The results of two series of measurements at 0°C., one series at -32.7°C., 
one series at — 33.2°C., and three series at — 63.5°C. are given in table 1. 
The values obtained at 0°C. are plotted in figure 1, while those at the lower 
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TABLE 1 

Vapor pressure of solutions of lithium in liquid ammonia at different concentrations 

and temperatures 


CONCENTRATION 

NHj/Ll 

PRESSURE 

CONCENTRATION 

NHl/Ll 

PRESSURE 

Senes 1 0 2644 gram of lithium T = 

o°c 


mm 


mm 

3 623 

34 1 

4 323 

038 0 

3 647 

34 9 

4 350 

876 0 

3 667 

57 0 

4 658 

1177 0 

3 726 

166 5 

5 090 

1542 0 

3 810 

252 0 

5 590 

1857 0 

3 890 

376 0 

6 653 

2288 0 

3 990 

509 0 

7 701 

2560 0 

4 111 

660 0 




Senes 2 0 1187 gram of lithium T = 0°C 


3 542 

34 0 

3 750 

3 580 

34 0 

3 875 

3 filO 

41 0 

4 092 

3 639 

67 0 

4 467 

3 680 

115 5 

— 


Series 3 0 1%8 gram of lithium T = -32 7°C 


3 3 

4 363 

3 4 

4 521 

8 0 

4 715 

25 0 

4 938 

56 0 

5 175 

94 5 

5 446 

119 0 

5 723 

146 5 

5 950 

178 8 

6 288 

218 4 

6 495 

__ _ — —— 

— — 


Series 4 0 1818 gram of lithium 


3 4 

4 127 

3 4 

4 233 

3 7 

4 373 

10 9 

4 542 

22 3 

4 712 

51 5 

5 002 

87 2 

5 296 

109 0 

5 603 

136 5 

5 830 
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TABLE 1 —Concluded 


CONCENTRATION 

NHi/Li 

PRESSURE 

CONCENTRATION 

NH»/Ll 

PRESSURE 

Series 5. 0.0762 gram of lithium T = —63.5°C. 


mm. 



mm. 

4 039 

25.8 


5.714 

94 0 

4 229 

43 7 


6.348 

103.6 

4 602 

62.8 


7.279 

108.6 

5 091 

80.8 

i 



Series 6. 0.0922 gram of lithium. T = — 63.5°C. 

3 824 

1 8 


4 034 

21.9 

3 854 

4.0 


4 288 

42 5 

3 898 

8.7 




Series 7. 0.1015 gram of lithium. T = —63.5°C. 

3 811 

1 2 


3 980 

18.3 

3 820 

2 5 


4 061 

26.0 

3 852 

5 5 


4 174 

35 9 

3 924 

10 0 


4 330 

48.5 


temperatures are shown in figure 2. Many of the values are not plotted, 
especially in the concentrated regions, owing to overlapping of points. 
The measurements at -32.7°C. and -33.2°C. are plotted together. Since 
most of these values appear at high lithium concentrations, where the 
change in the vapor pressure with the temperature is very small, the two 
series of measurements fall closely together. The concentrations are 
expressed in gram-molecules af ammonia per gram-atom of lithium, while 
the pressures are given in millimeters of mercury. 

The composition of the saturated solution was determined at each tem¬ 
perature by an extrapolation of the curves shown in figures 1 and 2. 
Additional experiments were carried out with an excess of metallic lithium 
present in order to establish the vapor pressure of the saturated solution at 
these temperatures. The data are shown in table 2. 


DISCUSSION OF RESULTS 

Figures 1 and 2 show the vapor pressure of lithium solutions at different 
temperatures and over a relatively small range of concentration. These 
curves are identical in form with that obtained previously for lithium solu- 
tums at — 39.4°C. (2f). There is no indication of a combination between 
lithium and ammonia; nor is there any evidence for the existence of a two- 
phase liquid system at the lowest temperature studied. Ruff and Zedner 
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(2b) point out the appearance of a two-phase liquid system for lithium 
solutions below — 35°C. The above results indicate the non-existence of 
such a system within the range of concentrations employed, namely, 
between 3.81 and 7.28 gram-molecules of ammonia per gram-atom of 
lithium, since the vapor pressure curves do not show any irregularities. 



Fio. 1. The Vapor Pressure of Lithium Solutions at 0°C. 


It is quite probable that a new liquid phase does appear at lower lithium 
concentrations as is the case with sodium solutions (4). 

It is also evident that the solubility of metallic lithium in liquid ammonia 
increases appreciably with increasing temperature. This increase amounts 
to approximately 6 per cent from — 63.5°C. to 0°C. The vapor pressure 
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Fig. 2 The Vapor Pressure op Lithium Solutions at — 33°C. (I), and at 

-63 5°C (II) 


TABLE 2 

V/inor nroiQiire rrn /1 rnmnn^t tinn nf antnrntp/l anlnfj nna 


TEMPERATURE 

VAPOR PRESSURE 

MOLES NHi/Ll 

ORAMB Ll PER 100 
GRAMS NHs 

°C 

mm 



0° 

34 0 

3 60 

11 319 

-32 7° 

3 4 

3 74 

10 895 

-33 2° 

3 4 

3 75 

10 866 

-63 6° 

1 1 

3 81 

10 698 


0 i the saturated solution increases markedly throughout this same tem¬ 
perature range. The value obtained at 0°C., 34 mm., agrees well with that 




SOLUBILITY OP METALLIC LITHIUM IN LIQUID AMMONIA 


99 


found by Kraus (2c), namely 33 mm. Kraus and Johnson (2f) found the 
composition of the saturated solution at — 39.4°C. to be 3.61 gram-mole¬ 
cules of ammonia per gram-atom of lithium; our value at a slightly higher 
temperature is 3.74. This difference of approximately 3 per cent may be 
ascribed to the presence of foreign elements, particularly iron, sodium, and 
potassium, in the various samples of metallic lithium used in the two inves¬ 
tigations. In the present work, samples of lithium were taken from the 
same source; each sample failed to show the presence of iron and potassium 
but appreciable quantities of sodium were found. However, the maximum 
amount of sodium that could be present with the lithium, according to the 
results of the analytical determinations, would not seriously change the 
composition of the saturated solutions in our experiments, certainly not 
more than 1 per cent. Experiments are now being undertaken to make 
direct solubility measurements of the alkali metals in liquid ammonia 
which promise to yield results of a higher accuracy than is allowed by the 
indirect vapor pressure method. 


SUMMARY 

The vapor pressure of solutions of lithium in liquid ammonia has been 
determined at high lithium concentrations and at several temperatures. 
An extrapolation method is used to obtain the composition of the saturated 
solution at each temperature. The results show the solubility of metallic 
lithium to increase appreciably from —63.5° to 0°C. 
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INTRODUCTION 

The total vapor pressures of ammonia-water solutions at temperatures 
between 0°C. and 120°C. and at pressures up to 9 atmospheres have been 
measured by Mollier (1) who, however, determined no vapor compositions. 
Smits and Postma (2) examined the system in the region of the eutectic 
points and three-phase lines. They determined the pressures, tem¬ 
peratures, and compositions of certain solutions, including those existing 
in equilibrium with the various solid phases. Perman (3) has determined 
both total vapor pressures and vapor compositions between 0°C. and 60°C. 
at pressures below atmospheric. 

Perman’s method consists of passing a known volume of air through 
the ammonia solution, and determining the weights of ammonia and water 
the air takes up. The partial vapor pressures of ammonia and of water 
can then be calculated from these weights, and the total pressure of the air- 
ammonia-water vapor phase. 

The work now reported was carried out in order to extend the knowledge 
of this system up to 150°C. and 20 atmospheres pressure. A dynamic 
method was used to determine vapor compositions between 60°C. and 
100°C. and for pressures up to 1.5 atmospheres. The method was in¬ 
convenient for higher pressures. 

The total vapor pressures in the system up to 9 atmospheres were 
already known (4). 

For the higher range of temperatures and pressures it was found neces¬ 
sary to use a static method. Both total vapor pressures and vapor com¬ 
positions were measured. 


EXPERIMENTAL 

1. From 60°C . to 100°C.; pressures up to 1.5 atmospheres 

At temperatures as high as 60°C., Perman had difficulty in getting the 
air he passed through his saturators containing the ammonia solutions to 

101 
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take up its proper amounl of itminomn •< id wau*x V s -at orators he used 
vessels of the wash-bottle type, and hn> difficulties wcic most probably due 
to the inefficiency of these when called upon to saturate air with the large 
quantities of ammonia and water provided bv the high partial pressures 
at 60°C. 

A very efficient saturator designed by Bichowsky and Storch (5) has 
been adapted for vapor pressure work by Pierce and Snow (6). Its design 
is shown in figure la. 

The solution is held in the tube A. Air enters at B and breaks into 
bubbles at the jet 0. These bubbles travel up the inclined tube D, 
becoming saturated with vapor from the solution. At the surface of the 
solution they break and the vapor travels back to the outlet at E. Behind 
and below the jet C, a vent F is blown in the tube D. Here solution is 
drawn in and carried up the tube D between the bubbles. This ensures 
thorough mixing of the solution. The neck G, provided for filling purposes, 



Fig. la 

is closed by a rubber stopper which can be wired on. A sample of the 
solution can be withdrawn by way of the capillary tube H. 

Four vessels of this pattern, each 10 in. x 1£ in., made of Pyrex glass, 
were joined together in series in the way shown in figure lb. It was not 
considered necessary to provide the two inner vessels with sampling tubes. 
The inlet and outlet tubes A and B were vertical. The whole apparatus 
was mounted in a frame which could be held in a thermostat capable of 
regulation to ±0.01°C. The water level in the thermostat was main¬ 
tained well above the stopper C. To prevent condensation from the gas 
on the walls of the tube B a heating coil D formed on a brass tube sur¬ 
rounding B was used. The tube was heated to 120-T40°C. 

The air supply was kept at a suitable pressure, indicated by the manom¬ 
eter E, by adjusting the screw clip F on a tube opening to the atmosphere. 
The clip G regulated the supply to the apparatus. Rubber pressure 
tubing was used, wired on at all connections. 

The method of using the apparatus depended upon whether the solution 
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in the saturators had a total vapor pressure below or above approximately 
650 mm. at the working temperature. With the former type of solution 
it is possible to pass through a sufficient amount of air without taking the 
pressure above atmospheric; this method will be described first. 

The saturators were filled to the correct level (the top of the inclined 
tubes) with an ammonia solution of known composition. After wiring 
on the stoppers the apparatus was placed in the thermostat and the heating 
coil was fitted over the outlet tube B. The pressure tubing from the air 
supply already described wa^ wired on to the tube A with the clip G 
closed. A length of about 6 inches of Pyrex tubing (3-mm. bore) was 
sealed to the top of the tube B, and bent over at right angles, as shown at J 
in figure 2. The current to the heating coil and thermostat was then 



switched on, and the latter was brought to the working temperature and 

there regulated. , . . . , 

The absorption train consisted of two U-tubes, the first containing glass 

beads covered with 25 per cent sulfuric acid, the second, glass beads with 
concentrated sulfuric acid. A third tube filled with glass wool-phosphorus 
pentoxide absorbent was eventually discarded, for its weight never 
increased by more than one-fifth of a milligram during a run. 

The absorption train, after preparation and weighing, was fitted to the 

tube J with pressure tubing. . , - 

The clip G was carefully adjusted to allow a slow, steady stream of 
bubbles to form and to pass through the apparatus and absorption system. 
During the run the tube J was gently warmed with a Bunsen flame to 
prevent condensation before the vapor reached the U-tubes. After a run, 
the clip G was closed and the absorption train was disconnected and 
weighed The contents of the U-tubes were washed out, and the ammonia 
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present was determined by distillation. The increase in weight of the 
U-tubes was normally between 0.5 and 1.0 gram. 

Finally a sample of the solution in the saturators was removed for 
analysis. A change in composition of one part per hundred of the NH* 
percentage was sometimes observed in the first saturator, where the air 
was admitted; in the last saturator the composition of the solution was 
always within 0.2 part per hundred of the original NH 3 percentage. 
The composition of the solution in the last saturator was taken as that 
of the solution in equilibrium with the vapor collected. 

For solutions of the second type, those with total pressures between 
650 mm. and 1100 mm. at the working temperature, it was necessary to 
devise some way of keeping the pressure in the saturators and absorption 



Fig. 2 

train at least 100 mm. above the total vapor pressure of the solution, in 
order to provide sufficient air to take up the ammonia and water. The 
apparatus shown in figure 2 was used. The U-tube A was made of Pyrex 
tubing (3-mm. bore) widening to 11-mm. bore tubing at the U. To the 
base of the U, a third tube, B, was sealed and bent upwards. This was 
connected to the 50-cc. pipette bulb C, fitted to pressure tubing provided 
with the screw clip D. The apparatus was held in an oven, E, fitted with 
mica windows. The oven was heated to keep the vapor passing through 
the U above its dew point. The side arm F was connected to the absorp¬ 
tion system, the far end of which was connected to the tube H, dipping 
into a column of mercury, and to the tap K. The U-tube A was filled 
with mercury to the level L. 
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In preparation for a run, the apparatus was assembled in the way shown 
m figure 3. The taps of the absorption tubes and all rubber connections 
were wired on, and the warming up of the oven E was begun. The 
saturators were prepared as before, but when the temperature of the 
thermostat had risen to a point where the total vapor pressure of the 
complex in the saturators had reached approximately 650 mm., the tube J 
(Irom the saturators) was connected to the limb G of the U-tube with 
pressure tubing which was wired on. Subsequently, as the temperature 
of the thermostat rose towards the working temperature, the pressure of 
air, ammonia vapor, and water vapor in the saturators rose steadily. This 
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increase of pressure was balanced by applying a pressure of air through 
the tap K at intervals, and watching the level of mercury m the limbs of A. 
After the thermostat had reached the working temperature and had been 
regulated, the mercury in A was drawn up into the bulb (\ until there was a 
free passage for the vapor from one limb of A to the other, and the clip D 
was closed. Air was then admitted to the saturators and the run pro¬ 
ceeded. The air finally escaped through H, bubbling up the tube M. 
Again, it was necessary to keep the upper tubes J, G, and F gently warmed. 
The run was brought to an end by shutting off the air supply to the satu¬ 
rators and releasing the mercury in the bulb C, which closed the passage 
between G and F. The length of the limb F was usually sufficient to take 
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the column of mercury which rose (owing to the pressure difference) when 
the absorption train was disconnected for weighing. At the highest 
pressures it was occasionally necessary to allow the thermostat to cool 
for some time before detaching the absorption tubes. 

Results 

The results which were obtained are given in table 1. The total vapor 
pressures were obtained by interpolation of the values given in the Inter¬ 
national Critical Tables, Vol. VIII, p. 362. The figures for the ammonia 
content of the vapors are probably accurate to 1.5 units for vapors of 
composition 30-70 per cent of ammonia. Beyond these limits these 
determinations are believed to be more accurate. 

2. From 100°C. to 150°C.; pressures up to 20 atmospheres 

The apparatus which was used had been designed for the determination 
of the equilibrium relations of pressure, temperature, and compositions of 
solutions and vapors in uncondensed systems, at temperatures above 
100°C. and pressures below 20 atmospheres. A 4-liter bomb is used to 
hold the complex, the vapor volume being about two liters. There are 
arrangements for stirring, for measuring the temperature and pressure, 
and for withdrawing for analysis samples of solution and vapor. 

The apparatus is shown diagrammatically in figure 3. The bomb A, 
of stainless iron, is closed by bolting down the cover, C, over a copper 
washer. In the centre of this cover is a pressure gland through which the 
stirrer I) passes. The gland is packed with S. E. A. rings, and the stirrer 
rotates at 60 r.p.m. and has paddles in the liquor and vapor. Screwed on 
to the cover are two valves, E and F. Valve 10 has attached a tube which 
dips into the bomb to within an inch and a half of the bottom. The 
opening of F is flush with the lower side of the cover, and this valve connects 
the apparatus to the closed hydrogen manometer G, which is capable of 
measuring pressures up to 20 at mospheres. A connection from the cover of A 
to the valve H leads to a smaller bomb J (300 cc.) which is held on to the 
cover by a bracket. This smaller bomb is fitted with two valves K and 
L, K for withdrawing the vapor sample to an adsorption train, and L for 
the inlet of dry air to the farther end of J for sweeping out the contents. 
A coppcr-constantan thermocouple in a sheath is also fitted through the 
cover of A, a lens-ring joint being used. To avoid the use of compensating 
leads, the thermocouple wires run directly to a cold junction and poten¬ 
tiometer. The apparatus is held in position by fixing the bomb A in a 
tripod in the base of an oil thermostat, the oil level being above the top of 
the smaller bomb J. ' 

The thermocouple was calibrated at 10°C. intervals up to 200°C., and 
can be read accurately to within 0.1°C. The closed manometer is filled 
with pure dry hydrogen, and the column of gas is water-jacketed. The 
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volume of the capillary had been determined for each 2 cm. of its 70 cm. 
length. In order to calculate the pressure of the hydrogen from the height 


TABLE 1 


PRESSURE 

AMMONIA IN LIQUID 

1 

AMMONIA IN VAPOR 

T = GO 0°C 

atmospheres 

per cent 

per cent 

0 240 

0 96 

17 2 

0 286 

1 97 

28 8 

0 355 

3 40 

40 8\ 



39 1/ 

0 366 • 

3 66 

43 1 

0 416 

4 69 

55 2\ 



55 3/ 

0 430 

4 94 

55 6 

0 487 

6 04 

60 2 

0 584 

7 90 

69 6 

0 630 

8 66 

72 3 

0 842 

11 99 

79 3) 



79 2j 

1 104 

15 38 

84 2 

"1 451 

18 91 

90 0 


T = 80 0°C 


0 546 

0 96 

14 3 

0.634 

1 97 

28 2 

0 761 

3 40 

38 1 

0 786 

3 66 

41 1 

1 030 

6 04 

53 1 

1 224 

7 90 

63 1 

1 705 

11 9 

73 6\ 



73 4/ 


T = 90 0°C 


0 742 

0 50 

6 90 

0 797 

0 96 

13 12 

0 855 

1 47 

19 2 

0 916 

1 97 

23 4 

0 957 

2 26 

29 4 

1 124 

3 7 

38.7 

1 364 

5 54 

49 8 

T = 100.0 o C. 

1 064 

0 50 

6 14 

1 205 

1 47 

18 0 

1 433 

2 98 

31 6 


of mercury in the capillary, it was necessary to know the quantity of 
hydrogen enclosed in the capillary. This was found by calibration 
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against an open mercury column manometer at 2 atmospheres pressure. 
In addition, the higher pressure readings of the manometer (5 to 20 
atmospheres) were checked against a calibrated Bourdon gauge. A 
cathetometer was used to read the position of the mercury in the capillary 
and to measure the difference in level of the mercury in the capillary and 
in the reservoir. The pressure due to this head of mercury must be added 
to the calculated hydrogen pressure to give the pressure applied to the 
manometer. By closing a valve which lies between the reservoir and the 
body of the manometer, the gas space above the mercury in the reservoir 
could be evacuated without removing hydrogen from the capillary. 

To put a complex in the bomb the apparatus was evacuated while 
standing at room temperature and the valve H closed. Two liters of 
complex was then drawn into the bomb A through the liquor sampling 
tube, care being taken not to introduce air with the complex. The 
thermostat was heated to the working temperature and regulated, and the 
contents of the bomb were stirred at this steady temperature overnight. 
This was found to be a sufficient length of time to establish equilibrium. 
The manometer and thermocouple readings were taken. After evacuating 
the vapor sampling bomb J, the valve H was quickly opened and closed, 
isolating in J a sample of the vapor. The sample was drawn out by way 
of the valve K, through a sulfuric acid absorption train for analysis. 
When the pressure had been reduced to that of the service vacuum, air 
drawn through concentrated sulfuric acid was admitted through the 
valve L, and was swept through the bomb and train to remove the last 
traces of water and ammonia from J. Samples of solution were taken by 
opening the valve E and absorbing a few grams of the complex in a known 
weight of sulfuric acid in a system of traps which excluded the possibility 
of any loss of sample or acid. 

Usually a given complex was examined at a whole series of temperatures 
between 100°C\ and 150°C. New complexes were obtained either by 
emptying and re-filling the bomb, or by boiling off vapor from the previous 
complex. After some of the results had been obtained, it was found that 
the temperature of the complex in the bomb measured by the thermocouple, 
was always 3°(\ below that of the outside bath, owing to heat losses 
through the connections from the bomb. This temperature difference was 
confirmed by experiments on the vapor pressure of water measured at a 
number of temperatures in this apparatus. In order to make use of these 
first results the work was continued at 97°C., 107°C., 117°C., 127°C., 
137°C. and 147°C. 


* Results 

The experimental results are given in table 2. The error in the com¬ 
positions in most of these, is about one part per hundred of the ammonia 



TABLE 2 


Isotherms of the system , ammonia-water 


PRBSSURB 

AMMONIA IN IIQUID 

AMMONIA IN VAPOR 

T = 97 °C 

atmosphere * 

per cent 

per cent 

0 899 

0 

0 

2 4 

9 3 

63 3 

3 8 

16 0 

78 3) 



76 0/ 

6 76 

25 5 

89 76) 



89 58/ 

7 04 

25 9 

89 6 

T « 107°C. 

1 277 

0 

0 

3 27 

10 0 

61 0) 



60 0/ 

5 12 

16 0 

75 3 

8 55 

25 0 

86 4 

T - 117°C. 

1 780 

0 

0 

3 35 

6 5 

— 

4 35 

9 5 

61 5 

& 8 

14 7 

73 2 

10 63 

— 

83 1 

T - 127°C. 

2 435 

0 

0 

4 37 

6 43 

45 3) 



43 7/ 

5 62 

9 5 

59 0 

7 31 

— 

68 5 

12 44 

— 

79 1 

13 6 

25 0 

82 5) 



82 8/ 


T « 137°C. 


3 274 

0 

0 

5 7 

6 5 

42 0 

9 06 

— 

66 2) 



65 9/ 

14 90 

— 

78 5 

— 

25 0 

80 2 


T = 147°C. 


4 332 

0 

0 

7 3 

6 5 

40 2) 



40 6j 

9.3 

9 5 

50 2 

11.84 

13 6 

62.4) 



62 0/ 

16 3 

19 5 

75 0 
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percentage. In some cases, particularly at the highest temperatures, the 
error in the vapor compositions is two parts per hundred. The error in 
the total vapor pressure determinations is less than two per cent. 



WEIGHT % NH , 

Fig 4 


THE ISOTHERMS AND ISOBARS IN THE SYSTEM 

The experimental results are plotted as isotherms in figure 4. Data 
from tables of total vapor pressures given by Mollier (1) obtained by 
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Fig. 5 
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TABLE 3 


TEMPERATURE 

1 

AMMONIA IN LIQUID 

AMMONIA IN VAPOR 

Pressure = 10 atmospheres 

degree* C 

per cent 

per cent 

180 5 

0 

0 

170 

3 4 

20 5 

160 

6 6 

36 3 

150 

10 1 

51 5 

140 

14 0 

64 8 

130 

18 0 

74 2 

120 

22 0 

81 1 

110 

26 3 

87 0 

100 

30 8 

91 7 

90 

35 6 

95 1 

80 

40 6 

97 4 

70 

46 0 

98 8 

60 

52 2 


50 

60 0 


40 

70 2 j 


30 

87 0 


25 3 

100 

100 


Pressure = 8 atmospheres 


171 

0 

0 

170 

0 3 

2 3 

160 

3 1 

20 7 

150 

6 4 

38 9 

140 

10 2 

55 5 

130 

14 1 

68 0 

120 

18 3 

77 3 

110 

22 4 

84 0 

100 

26 7 

89 5 

90 

31 4 

93 3 

80 

36 4 

96 2 

70 

41 9 

98 2 

60 

47 5 


50 

54 1 


40 

62 0 


30 

73 5 


20 

94 6 


18 5 

100 

100 


Pressure *= 6 atmospheres 


159 3 

0 

0 

150 

, 2 6 

19 5 

140 

5 9 

40 0 

130 

9 6 

57 1 

120 

13 5 

69 9 ' 


THE SYSTEM AMMONIA-WATER 


113 


TBMPKRATURB 


TABLE 3 —Continued 


AMMONIA IN LIQUID 


AMMONIA IN VAPOR 


Pressure — 6 atmospheres —Concluded 


degrees C 

per cent 

per cent 

110 

17 6 

78 4 

100 

22 0 

84 8 

90 

26 6 

90 0 

80 

31 4 

94 2 

70 

36 6 

97 0 

60 

41 9 


50 

47 5 


40 

54 0 


30 

62 0 


20 

74 6 


9 7 

100 

100 


Pressure = 4 atmospheres 


144 1 

0 

0 

140 

1 0 

9 8 

130 

4 2 

33 0 

120 

7 7 

52 2 

110 

11 5 

66 3 

100 

15 5 

76 0 

90 

19 8 

83 6 

80 

24 4 

90 0 

70 

29 2 

94 8 

60 

34 2 

97 3 

50 

39 7 


40 

45 5 


30 

52 2 


20 

60 2 


10 

71 5 


0 

94 7 


-1 5 

100 

100 


Pressure — 2 atmospheres 


120 6 

0 

0 

120 

0 15 

1 5 

110 

2 9 

29 0 

100 

6 2 

50 6 

90 

10 0 

67 5 

80 

14 0 

80 3 

70 

18 5 

89 2 

60 

23 4 

94 8 

50 

28 5 

97 5 

40 

33 7 

98 4 

30 

39 3 
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TABLE 3 —Continued 


temperature 


AMMONIA IN LIQUID 


ammonia in vapor 


Pressure =* 2 atmospheres —Concluded 


degree* C i 

per lent i 

per cent 

20 1 

45 6 1 


10 

52 6 i 


0 

61 4 


-10 

75 0 | 


- 18 5 

100 j 

100 


Pressure — 1 atmosphere 


100 

T 

0 

0 

90 

2 9 

31 8 

80 

6 1 

52 6 

70 

10 0 

70 0 

60 

14 4 

82 5 

50 

19 0 

90 2 

40 

24 0 

94 5 

30 

29 1 

97 0 

20 

34 6 

98 5 

10 

40 6 

99 2 

0 

47 3 


-10 

55 3 


-20 

65 4 


-30 

86 0 


-33 2 

100 

100 


Pressure = 05 atmosphere 

81 7 

0 

0 

80 0 

0 3 

4 5 

60 

6 2 

63 6 

40 

15 0 

87 5 

20 

26 0 

97 5 

0 

37 2 


-10 

43 1 


-20 

51 2 


-30 

60 0 


-40 

75 3 


-46 3 

100 

100 

Pressure = 02 atmosphere 

60 4 

0 

0 

50 

2 7 

38 0 

40 

5 5 

65 5 

30 

' 10 0 

80 0 

20 

15 0 

90 5 
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TEMPERATURE 

AMMONIA IN LIQUID 

AMMONIA IN VAPOR 

Pressure = 02 atmosphere— Concluded 

degrees C 

per cent 

per cent 

10 

20 0 

95 5 

0 

25 3 

98 0 

-10 

31 8 

99 0 

-61 0 

100 

100 


Pressure = 0 02 atmosphere 


17 7 

0 

_ 

10 

1 7 

— 

0 

5 0 

—. 

-10 

9 5 

— 

-20 

15 0 

— 

-30 

21 0 

— 

-40 

27 5 

— 

-50 

34 3 

— 

-60 

41 5 

— 

-70 

51 0 

. 

-79 8 

62 8 


-82 9 

75 5 

— 


extrapolation of results determined up to 120°C. and 9 atmospheres, are 
also plotted on this graph and the agreement is good. 

Points from these isotherms, and from those of Perman, together with 
total vapor pressure values given in International Critical Tables (4) 
have been used to construct the isobars from 0.02 to 10 atmospheres in 
figure 5. 

The vapor branch of the 0.02 atmosphere isobar is unknown. A 
projection of the liquid and vapor and solid lines, determined by Smits 
and Postma, on the t — x base is shown on this figure and defines the lower 
temperature limits of existence of the solution phase. 

The course of the vapor branches of the isobars from 2 atmospheres to 10 
atmospheres is somewhat uncertain in the temperature range 70° to 90°C., 
where no vapor compositions have been determined and where there is a 
rapid change of curvature, but from analogy with the isobars of lower 
pressures, it is believed that the curves given in figure 5 arc substantially 
accurate to within 1 per cent of the ammonia concentration. There are no 
points above 147°C. except those for pure water, but there is little doubt 
of the positions of the isobars since the curvature is so small in this region. 

Tables 3 and 4 have been constructed from figure 5. The values above 
10 atmospheres in table 4 were obtained by interpolation of the straight 
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TABLE 4 


AMMONIA IN LIQUOR 

PRSMURB 

AMMONIA IN VAPOR 

T = 60°C. 

per cent 

atmoapherea 

per cent 

0 

0 197 

0 

5 

0 439 

56 4 

10 

0 717 

75 8 

15 

1 084 

84 1 

20 

1 559 

91 3 


T = 80°C. 


0 

0 467 

0 

5 

0 90 

47 8 

10 

1 48 

69 9 

15 

2 19 

81 2 

20 

3 05 

87 0 

25 

4 14 

90 8 

30 

5 55 

93 3 


T = 90°C. 


0 

0 692 

0 

5 

1 30 

48 5 

10 

2 00 

67 5 

15 

2 91 

77 1 

20 

4 12 

84 5 

25 

5 55 

89 1 

30 

7 12 i 

92 4 


T = 100°C. 


0 

1 

0 

5 

1 82 

45 6 

10 

2 75 

64 5 

15 

3 88 

75 3 

20 

5 31 

82 8 

25 

7 18 

87 9 

30 

9 48 

91 3 


T = 110°C. 


0 

1 414 

0 

5 

2 41 

41 8 

10 

3 58 

61 5 

15 

5 03 

73 7 

20 

6 91 

81 4 

25 

' 9 20 

86 2 

30 

11 98 

89 0 
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TABLE 4— Concluded 


AMMONIA IN LIQUOR 

PRXSSURB 

AMMONIA IN VAPOR 

T = 120°C. 

per cent 

atmosphere* 

per cent 

0 

1 96 

0 

5 

3 22 

39 3 

10 

4 70 

60 0 

15 

6 55 

72 7 

20 

8 83 

79 2 

25 

11 72 

83 2 

30 

15 46 

— 

T = 130°C. 

0 

2 67 

0 

5 

4 27 

37 7 


6 15 

58 2 

15 

8 42 

69 6 

20 

11 33 

76 8 

25 

15 04 

82 0 

30 

19 8 

— 

* 

T - 140°C 


0 

3 57 

0 

5 

5 55 

34 7 

10 

7 83 

53 8 

15 

10 70 

67 2 

20 

14 37 

75 7 

25 

19 20 

— 

30 

— 

— 

T - 150°C. 

0 

4 70 

0 

5 

7 14 

31 3 

10 

10 02 

31 5 

15 

13 58 

66 4 

20 

18 6 

75 5 

25 

— 

— 

30 

— 

— 


lines obtained when log P is plotted against the reciprocal of the absolute 
temperature. 

SUMMARY 

1. The compositions of the vapors in equilibrium with ammonia-water 
solutions have been determined at 60°C., 80°C., 90°C., and 100°C. for 
solutions with total vapor pressures up to 1.5 atmospheres. 
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2. The total vapor pressures and compositions of vapors in equilibrium 
with ammonia-water solutions have been determined within the limits 
100-150°C. and 1 to 20 atmospheres. 

3. The isotherms in the system have been constructed for temperature 
intervals between 60°C. and 150°C. 

4. From the results of the work reported and those of Perman, Mollier, 
and Smits and Postma (3, 1, 2), the isobars for 10, 8, 6, 4, 2, 1, 0.5, 0.2 
and 0.02 atmospheres have been obtained. 

The authors wish to express their thanks to the Directors of Imperial 
Chemical Industries Ltd., for their permission to publish this work, which 
was carried out in the Research Laboratory of their subsidiary company, 
I. C. I. (Alkali) Ltd. 
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THEORY 

It has long been known that the electrical resistance of a material to 
which the term “dielectric” is applied is a function of the temperature, 
decreasing as the temperature increases. Thus, in 1889 Curie (1) found 
that the specific volume resistance of quartz in the direction of the optical 
axis fell from 1.2 X 10 14 ohm-cm. at 20°C. to 5.6 X 10 7 ohm-cm. at 300°C., 
and Campbell (2) in 1913 reported that this quantity decreased from more 
than 2 X 10 14 ohm-cm. at 15°C. to 2 X 10 7 ohm-cm. at 800°C. for the 
same substance after fusion. 

In 1906, Koenigsberger and Reichenheim (3), assuming that the con¬ 
duction through dielectrics (oxides, sulfides, metals, and metalloids) is 
largely electronic in nature, developed an equation to express the change of 
resistance with temperature as follows: 

Rt - fto (1 + at + bt') e~ q,/mm + *> (1) 

where Jit is the specific volume resistance at temperature t (in degrees 
Centigrade), R 0 is the specific volume resistance at zero degrees Centi¬ 
grade, and q is a constant characteristic of the material. The quantities 
a and 5, also constants, usually become negligible for dielectrics, so that 
the equation reduces to 

R, = B 0 e- 9 ' /273(273 + t) (2) 

This equation may also be expressed in logarithmic form 

log R - A + B/T (3) 

where R is the specific volume resistance, T is the absolute temperature, 
and A and B are constants. This form of equation, which may also be 
derived, as will be shown later, by assuming that the conduction process 

i This article is adapted from the thesis of J. D. Clark, submitted in partial ful¬ 
fillment of the requirements for the degree of Master of Science in Chemistry at the 
University of Wisconsin. 
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is an ionic one, was tested by Rasch and Hinrichsen (4) in 1908, by Pirani 
and Siemens (5) in 1909, by Dietrich (6) in 1910, and by Curtis (7) in 
1914. In these investigations the behavior of both crystalline and amor¬ 
phous dielectrics was studied. 

In 1926 Saegusa (8) measured the resistance of quartz, calcite, ambroid, 
paper, and paraffin at temperatures ranging from 10°C. to 360°C., and 
developed another formula to express his results. The conductivity was 
assumed to be electronic in nature. The electrons are thermionic in origin 
according to this investigator. The formula developed was 

M - ATe~ 9/kT (l - BT*e~ qlkT - CTe~ q/kT ) (4) 

where Jx is the specific volume conductivity, T is the absolute temperature, 
k is the Boltzmann constant, q is the work of liberation of one electron, and 
A, B, and C are constants which are made up as follows: 

A = Ivf B - 2p’A', C - 2p«* ~ 

4/C rC 

In these expressions l is the mean free path of an electron, v is the mean 
velocity of an electron, p is the effective radius of an atom of the dielectric, 
t is the electronic charge, and A' is a constant specific for each material. 

Joffe (9) has developed the following equation to express the conductiv¬ 
ity of a pure crystal as a function of the temperature: 

log j* - - a/T -l- b (5) 

Here a and b are constants, p is the specific volume conductivity, and T is 
the absolute temperature. This equation, having the form of equation 
3, was developed using the assumption that the conductivity is the result 
of an ionic process. It will be shown later that an equation of the same 
sort may be developed and applied with some success when the dielectric 
is not a pure crystal. 


APPARATUS AND PROCEDURE 

The usual method of measuring very high resistances involves the use of 
a ballistic galvanometer. The use of this instrument is disadvantageous 
from more than one point of view. The galvanometer must be calibrated 
and must be kept in calibration. A slight variation in the characteristics 
of any part of the apparatus, or a slight variation in the technique of opera¬ 
tion, serves to introduce errors into any result. These disadvantages are 
inherent not only in a ballistic galvanometer, but also in a calibrated elec¬ 
trometer when it is substituted for the former, and in any type of instru¬ 
ment which depends upon a scale reading for the results. When it is 
possible to use it a null method is more desirable. 
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The Wheatstone bridge is the commonest of all zero reading instruments 
for this type of work. It is not usually adapted to the measurements of 
very high resistances, since the ratio of the two resistance arms of the 
bridge becomes very high near the limit of the range of operation, with a 
resultant loss in accuracy. However, it has so many advantages in ease of 
operation, in reliability and in stability with respect to slight variations in 



G 

Fig. 1. Diagram of Measuring Circuit 
unknown resistance; R, standard resistance; P, potentiometer; V, voltmeter; 
E, electrometer; S, switch; G, ground. 

the indicating instrument that it was decided to modify it to an extent that 
would make it suitable for the measurement of very high resistances. In 
this modification a Compton electrometer was substituted for the usual 
galvanometer to increase the sensitivity of the arrangement. But the 
most important change from the usual bridge was the elimination of two 
variable resistances with the insertion of voltages in their places. A dia¬ 
gram of the apparatus as used is shown in figure 1. Thus by increasing 
the voltage on what would normally be the high resistance Ride of the 
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bridge, it was possible to avoid the difficulties which arise when the resist¬ 
ance ratio becomes very high, since voltmeter readings can be made on 
each side with approximately the same precision. Their ratio, whether 
large or small, can now be obtained to a considerable degree of accuracy. 
Since it was necessary to vary these potentials, the voltage on the high 
resistance side of the bridge was arranged so that it could be controlled 
with a point switch. A potentiometer which made possible an accurate 
voltage adjustment was used on the low resistance side of the bridge. 

The operation of the bridge may be described as follows: A standard 
resistance is inserted at R. Then, after the introduction of the unknown 
resistance, /u, the voltages are varied until there is no swing on the electrom¬ 
eter when the electrometer switch S is opened. The bridge is now bal¬ 
anced, and the resistances stand as follows: 

n/R - Vi/Vi or n - Vx/RV2 

The voltages Vi and V 2 are those read from the voltmeters, and R is the 
standard known resistance. Good results may be obtained when the ratio 
of the voltages, and therefore of the resistances, becomes as high as 1000 
to 1. At this ratio there is still sensitivity in the arrangement to permit of 
an accuracy which will be limited only by the precision with which the 
two voltages may be read. Calibration of high resistance standards is 
necessary for the work with dielectric materials. A low resistance stand¬ 
ard is inserted at R, with a higher resistance at ju. The resistance of /1 is 
then determined by bringing the bridge to a balance. It may then be 
used as the standard for the next step. This may be continued until a 
standard is obtained that has a high enough resistance for the range of 
measurements that are to be made. 

The highest standard used had a resistance of 2440 megohms, which 
makes possible the measurement of a resistance of approximately 1.6 X 
10 13 ohms. It would be possible, of course, to go to higher resistances 
with a higher standard resistance, but at the higher resistances the static 
effects become appreciable and make measurements more difficult. In 
such cases the operator of the bridge must remain quiet while making a 
reading; otherwise the electrometer may swing back and forth, making an 
accurate balance impossible. The part of the wiring in the neighborhood 
of the points A, B, and C in figure 1 is that part which is the most sensitive 
to capacity effects. All metal parts were connected to a special outside 
ground whenever this was possible. It will also be appreciated that the 
operation of the bridge becomes difficult when the humidity is high. 

The specific volume conductivities of ten substances, including six syn¬ 
thetics and four varieties of wood have been determined as a function of 
temperature. The synthetics include transparent Bakelite, ordinary black 
panel Bakelite, Du Pont Pyralin No. 1735, Glyptal resin, and two sorts of 
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the resin known as “Beetleware” (No. 3 and No. 20), while the woods 
include birch, mahogany, red oak, and Sitka spruce. An attempt was 
made to measure the conductivity of hard rubber, but the conductivity 
was too low to-be measured with the present apparatus at any tempera¬ 
ture to which the rubber could safety be heated. All the synthetics 
were the usual commercial products, with the exception of the sample of 
Glyptal. The latter was prepared by us from glycerol and phthalic acid. 
After the cooking process had been completed the resin was cured in an 
oven kept at 120°C. for three days and at 150°C. for seven days. The con¬ 
ductivities of the woods were those of the woods in the dry state, as well 
as it could be attained. Before being used for the conductivity measure¬ 
ments the wood samples, cut as described in the next section, were kept 



Fig. 2. Cell Type A 

Electrodes formed by filling £ inch holes, drilled with centers 0.5 cm. apart, with 
mercury. Alternate pools of mercury connected to form two electrodes, 

at 105°C. in a dry kiln for several weeks, and during the measurements there 
was always a dish of anhydrous sulfuric acid in the constant temperature 
oven in which the samples whose conductivities were being measured were 
placed. The synthetics were kept in a sulfuric acid desiccator until they 
were taken out for measurement. The wood was apparently dry, since 
when the temperature of measurement was carried to 110°C. no break in 
the conductivity curve appeared. 

Two types of conductivity cell were used. The cell of Type A is shown 
in figure 2. The woods, the panel Bakelite, and the Glyptal samples were 
cut to the shape of cells of this form. The wood samples were so cut that 
the conductivity was measured in a tangential direction relative to the 
direction of the grain. It would be very difficult to calculate the cell 
constant for such a cell with any degree of accuracy, so that it had to be 
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obtained experimentally using a substance of known resistance. The 
apparent resistance was determined with the apparatus and the cell con¬ 
stant calculated. A sample of Bakelite AM-250, having a specific volume 
resistance of 8 X 10® ohms at 20-21°C., was the substance used as standard. 
All cells of Type A were made to have exactly the same dimensions. The 
conductivity of an unknown sample in this form was 168 times that of a 
centimeter cube. This constant probably should not be expressed to more 
than two significant figures, since the accuracy of the measurements of the 
conductivity of the Bakelite standard was given as 1 per cent, and since 



Resin 

Fig. 3. Cell Type B 
Uses mercury electrodes as indicated 


it is difficult to reproduce exactly the dimensions of the standard Bake¬ 
lite cell in the other dielectrics. 

The type B cell is shown in figure 3. The cell constant in this case was 
calculated from the diameter of the hole turned in the sample, and from 
the thickness of the bottom, as measured by a micrometer caliper. It was 
necessary to assume in this case that the part of the current which did not 
flow directly through the bottom from the inside mercury pool to the 
outer mercury was negligible. Measurements were made on the Pyralin, 
transparent Bakelite, and Beetleware samples using this type of cell. 

An attempt was made in all cases to reduce the surface conductance to 
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a minimum. The cells were so designed that this conductance would be 
as low as conveniently possible. It has already been mentioned that a 
dish of anhydrous sulfuric acid was always present when measurements 
were being made. Since the measurements were taken over a considerable 
range of temperature, and since there were no irregularities in the curves 
in passing from below 100°C. to higher temperatures, it is believed that the 
data given relate essentially to volume conductivity. In all cases the po¬ 
tential V 2 was applied to the sample for at least an hour before any meas¬ 
urements were taken, in order to reduce dielectric absorption effects to a 
small quantity. 

During the course of the experimental work it was noted that the results 
could not be reproduced with any considerable degree of precision. The 
curves were only partially reversible, since either the composition or 
structure of the materials appeared to change irreversibly with increasing 
temperature. Experiments with different samples of one and the same 
substance did not give absolutely the same conductivity, though the differ¬ 
ences were never great. Samples cut from the same section of a given 
material varied only slightly from one another, probably owing to unavoid¬ 
able inaccuracies in the reproduction of the dimensions of the test cells. 

EXPERIMENTAL RESULTS 

As typical of the experimental results, conductivity data for one wood 
(birch) and one synthetic (Black panel Bakelite) are presented. The 
columns of the tables indicate, from left to right: the Centigrade tempera¬ 
ture, the absolute temperature, values for the quantity ju = V 1 /RV 2 
(R is the resistance of the standard used to obtain the balance), the nu¬ 
merical value of the conductivity represented by the quantity /*, the specific 
volume conductivity, its logarithm, and the reciprocal of the absolute tem¬ 
perature. These data are also presented as graphs (figures 4 and 5), in 
which the logarithm of the specific volume conductivity is plotted against 
the reciprocal of the absolute temperature. It is evident that the data 
are well represented by straight lines. This was true in the case of all 
substances investigated, with the possible exception of the sample of 
Glyptal resin, in which case the slope of the curve became somewhat less 
steep as the temperature was increased. 

Because of the interest in a comparison of the relative ability of these 
substances to resist the passage of the electric current at ordinary tempera¬ 
tures, table 3 has been prepared. The specific volume conductivities at 
20°C. have been obtained by extrapolation of experimental curves. In 
the cases of the Glyptal resin and of the woods this extrapolation is some¬ 
what long (over a temperature interval of 50°C.), nevertheless the value as 
given is believed to represent the proper order of magnitude. There have 
also been included in this table values for E , a quantity which we shall call 
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TABLE 1 


Birch wood. Conductivity in tangential direction 
Cell Type A. Cell constant = 168. 
Standard resistance B = 2440 megohms. 


T 

T 

Vi 

RVt 

a* 

A* 

1.00 n 

i/r°K. 

•c 

°A. 

0 040 
249# 







68 

341 

6 59 X 

10"“ 

3 91 X 

io- j « 

16 59 

0.00293 

74 

347 

0 060 
249# 

9 88 X 

10~ 14 

5 86 X 

10->‘ 

16.77 

0 00288 

80 

353 

0 095 
249# 

1 56 X 

10‘“ 

9 28 X 

io-“ 

16 97 

0 00283 

84 

357 

0 150 
249# 

2 47 X 

10““ 

1 47 X 

10-’ 0 

16. 17 

0 00280 

87 

360 

0 206 
249# 

3 39 X 

10-" 

2 01 X 

10-“ 

16 30 

0 00278 

91 

364 

0 290 
249# 

4 78 X 

10-' 3 

2 83 X 

10-“’ 

16 45 

0 00275 

110 

383 

0 687 
124# 

2 27 X 

10- 11 

1 35 X 

10-“ 

14 13 

0 00261 


TABLE 2 

Black panel Bakelite 
Cell Type A. Cell constant = 168. 

Standard resistances D = 6.55 megohms, A = 43,300 ohms. 


T 

T 

Vv 

RVt 

A* 

M 

LOO fi 

i/r # K. 

•c. 

•A. 

0 406 
262 D 





21 

294 

2 37 X 10-‘» 

1 41 X 10-i* 

n 15 

0.00340 

26 

299 

0 640 
262 D 

3 74 X 10-» 

2 22 X 10~ l * 

12 33 

0 00335 

32.5 

305 5 

i 025 
152Z> 

1 03 X 10-» 

6 09 X 10"“ 

12. 79 

0.00328 

35 

308 

1.155 

mo 

1.56 X 10~» 

9 26 X 10->« 

12. 97 

0.00325 

38.5 

311.5 

0 885 
44P 

3 08 X 10-» 

1.83 X 10-“ 

11.26 

0.00321 

46 5 

319.5 

0 113 
262A 

9.95 X 10-» 

5.91 X 10"“ 

11.77 ^ 

0.00313 



Fio. 5. Black Panel Bakelite 


the energy of liberation of the carrier of the current. The significance of 
this quantity will be evident from the discussion to follow. 
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TABLE 3 


Values of p and E for different materials 


MATERIAL 

H AT 20°C 

E 



calories 

Transparent Bakelite 

5 5 X 10-w 

37,500 

Panel Bakelite 

8 5 X 10" 13 

29,700 

Beetlewnre No. 3 (blue) 

4 4 X 10-“ 

42,500 

Beetleware No 20 (black) 

6 0 X 10" 13 

27,400 

Pyralin 

2 6 X 10" 13 

29,300 

Glyptal 

ca 1 X 10" 23 

65,000 

Birch 

1 2 X 10~ 18 

22,900 

Mahogany 

3 7 X 10 -19 

30,600 

Red oak 

3 2 X 10" 19 

28,400 

Sitka spruce 

3 4 X 10" 18 

32,000 


DISCUSSION 

It is believed that these conductivities and their variations with tem¬ 
perature could be explained as the result of an ionic process. The ions 
that carry the current appear to originate in the inevitable electrolyte 
impurities in the resins, and in the ionic impurities represented by the ash 
content of the wood. In the development of a mathematical relationship 
to express the conductivity as a function of temperature, the ions can be 
assumed to be distributed between two phases. There will be a certain 
number of ions adsorbed on the surface of the units of structure of the ma¬ 
terials, and there will be another quantity in the free state between these 
units of structure, whose migration under the influence of the electric field 
causes a flow of current. This conductivity will be proportional to the 
number of free ions in any given substance, while the number of bound 
ions should not affect the simple conduction process. There will be an 
equilibrium at any given temperature between the free and the bound ions, 
thus 

if/ib - k (1) 

In this equation t/ and ib are quantities which measure the concentrations 
of free and bound ions respectively, and A: is a constant. Since the bound 
ions are in a phase distinct from that of the free ions, their concentration 
may be considered constant. Thus we may write 

%/ ** /C, and K ~ £, (2) 

where K is another constant, and £ is the specific volume conductivity. 

The general equation for the variation of an equilibrium constant with 
the temperature is ' 

-~r - A///RT* (3) 
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where AH is the heat of an activation, R is the gas constant, and T is the 
absolute temperature. Assuming AH to be constant over the temperature 
range involved, this expression may be integrated, with the result 

In K = -AH/RT + c (4) 

where c is a constant of integration. Assuming equation 2 to be correct it 
follows that 

In m - -E/RT + C (5) 

where E is the energy of liberation of a mole of ions and C is another con¬ 
stant. If the logarithm of the specific volume conductivity is plotted 
against the reciprocal of the absolute temperature and a straight line re¬ 
sults, the quantity E may be assumed to be constant. When Briggsian 
logarithms are used E may be calculated directly from the slope of this 
line, according to the equation 

—E = slope X 2.303 R } or —E— slope X 4.576 (0) 

When the logarithms of the observed conductivities are plotted against 
the reciprocals of the absolute temperature a straight line with a negative 
slope results. This is taken to indicate that as the temperature is increased 
ions are liberated from the surface of the micells to the free condition in an 
endothermic process, causing thereby an increase in the conductivity as the 
temperature is increased. 

At this point it is of interest to recall briefly the explanations given for 
the conductivity of a simple crystal as a function of temperature. Smekal 
(10) and his followers believe that in the case of crystalline dielectrics in 
which there are ionic conductors, the mechanism is essentially bound up 
with the deviation of the actual crystal structure from that of the ideal 
lattice. The ions which take part in conduction are assumed to be con¬ 
centrated in positions in the crystal where these lattice imperfections are 
present and to move in adsorbed and free condition along the paths formed 
by these crystalline fissures. On the other hand Joff6 (9), Phipps (11), 
and others believe that the conduction in such cases is due to a volume proc¬ 
ess in which either one or both of the ions is liberated from its normal lat¬ 
tice position by the absorption of energy in the form of heat. They be¬ 
lieve the conductivity to be a property of the chemical substance rather 
than of the crystal and that it is independent of crystal imperfections. 
Thus, for sodium chloride Phipps, Lansing, and Cooke give for the quan¬ 
tity corresponding to our E the value 20,200 calories. It is defined as the 
heat of liberation of a gram ion in the crystal lattice, that is, the work 
necessary to produce a mole of ions (in this case, positive) in the interior of 
a crystal. As indicated in the introduction, there are certain types of 
crystal (sulfides, oxides) in which the conduction process may be electronic 
in nature. 
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Similar possibilities present themselves in the case of the materials in 
question and it will be equally difficult to decide between them. Amor¬ 
phous dielectrics with electrolyte impurities may show increasing conduc¬ 
tivity with temperature because ions are continually liberated from salts 
contained within them or because ions already present are removed from 
the inner surfaces to which they are adsorbed to the more mobile condition 
that we have described as free. It may be remarked that the presence of 
moisture is not necessary for the existence of an appreciable number of 
ions within a dielectric, since the electrolyte impurities present are already 
in the ionic form. It is true that dielectrics usually contain some water, 
the last traces of which are almost impossible of removal, so that dissolved 
salts will be ionized in solution but dissolved ions will tend to concentrate 
in the bulk of the water solution rather than at the interfaces, because salts 
as a class are capillary inactive. We have derived the mathematical re¬ 
lationship between conductivity and temperature assuming an equilibrium 
between the free and bound ions. However, we might also have derived 
an equation of the same form on the assumption that the amorphous dielec¬ 
trics act, as far as the process of electrical conduction is concerned, in the 
same manner that Joff6 and Phipps have explained the conductivity of a 
sodium chloride crystal. In this case we should have dealt with what 
might be termed a “dilute crystal/’ since relatively large volumes of inert 
materials would be present along with the electrolyte materials. An elec¬ 
tronic process seems less probable in the case of amorphous materials, 
though it should not be*excluded as a possibility without further informa¬ 
tion. 

In view of the difficulties involved m a differentiation between the 
mechanisms which have been proposed to account for the conduction 
through a simple crystal, it is evident that one cannot hope to decide be¬ 
tween the possibilities mentioned for the amorphous substances with the 
meager data now available. This assignment of a mechanism is rendered 
more difficult because the general form of the mathematical expression for 
the conductivity as a function of temperature will apparently be the same 
in the several cases. Nevertheless it is of interest that the conductivities 
of all the amorphous materials studied increase with the temperature 
according to a well-known physico-chemical law. It is hoped that further 
experiments with these substances containing known amounts of added 
electrolyte material will advance our knowledge of the conduction process 
taking place within them. 

SUMMARY 

There have been determined the specific volume conductivities of ten 
“amorphous” substances as a function of temperature. They include six 
synthetics and four varieties of wood. The resistances were determined 
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by means of a modified Wheatstone bridge which has several advantages 
over the usual forms of apparatus for this type of work The specific 
volume conductivity, ju, changes with absolute temperature, T 7 , according 
to the law, 


_ A 

n =* k e M 

where E is an energy of liberation of the carrier of the current in calories, 
and k is a constant having the same dimensions as ju Possible mechanisms 
of the conduction process are briefly discussed. 
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The autoxidation of stannous chloride has recently been investigated by 
Filson and Walton (1), who studied the effect of hydrochloric acid on the 
reaction velocity and showed a linear relation between the velocity and the 
hydrogen-ion concentration. This paper is a continuation of the above 
work and is a general survey of certain factors influencing the rate of 
reaction. 


APPARATUS AND PROCEDURE 

Twenty^five cc. of an acid solution of stannous chloride were placed in a 
150-cc. Pyrex flask of the type used by Filson and Walton. The flask was 
placed in a thermostated shaking apparatus and connected to a water- 
jacketed burette containing oxygen gas at the temperature of the theimo- 
stat, 25°C. When the system had come to constant temperature, the 
shaking apparatus was started and readings were taken on the volume of 
oxygen absorbed. The speed of shaking was selected as about 1000, since 
Filson and Walton had shown that higher speeds have no effect on the 
reaction velocity. 


REAGENTS AND SOLUTIONS 

Several brands of stannous chloride were used and were found to give 
varying results. Baker’s “purified” salt gave results which were only 
slightly changed by three recrystallizations under nitrogen from hydro¬ 
chloric acid solution, consequently this preparation was used in the experi¬ 
mental work. Solutions made from stannous chloride which had been 
dehydrated by treatment with excess acetic anhydride and washed with 
anhydrous ether (2) gave results which agreed with those obtained from 
the recrystallized hydrated salt. 

The solutions, made in 2-liter batches and stored under nitrogen, con¬ 
tained approximately 32 grams of stannous chloride per liter, and were 

1 This research was financed by a grant from the Research Committee of the Uni¬ 
versity of Wisconsin, Dean C. S. Siichter, Chairman. 
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about 0.8 N in total hydrochloric acid (free acid plus that obtained by 
complete hydrolysis). 

Table 1 gives the data for the solutions used in this work. 

ORDER OF THE REACTION 

By neglecting the first 80 to 120 minutes of the run, during which the 
absorption was not always reproducible, a value of K (K = milligrams of 
oxygen absorbed per minute) was obtained which corresponds to a zero 
order icaction, within an experimental error of 5 to 7 per cent in the course 
of a 4 to 5 hour run. This neglected period corresponds to about a 10 per 
cent absorption of the theoretical amount of oxygen required to oxidize 
the sample completely. Duplicate runs for solution No. 6 are given in 

TABLE 1 


Composition of the stannous chloride solutions 


SOLUTION NUMBER 

source of SnCl: 

SnCl: 

HC1 (total) 



yrami/liter 

Normality 

5 

Baker’s Purified 

36 5 

0 783 

6 

Baker’s Purified 

31 3 

0 758 

7 

Baker's Purified 

31 7 

0 733 

8 

Mallinekrodt’s C P 

35 5 

0 814 

9 

General Chemical Co C P. (dehy¬ 
drated by acetic anhydride) 

32 6 

0 782 

10 

Mallinckrodt’s C P. (dehydrated 
by acetic anhydride) 

32 7 

0 811 

11 

Baker’s Purified 

33 6 

0 840 

12 

General Chemical Co C.P. (re¬ 
crystallized three times) 

33 1 

0 815 


table 2, this solution having an average value of K of 0.0572 mg. per min¬ 
ute. The 5 to 7 per cent drop in the value of K can be attributed to a 
decrease in the concentration of the free hydrochloric acid, since this sub¬ 
stance is used up during the oxidation of the stannous chloride. Some 
hydrochloric acid will be available through hydrolysis of the stannic 
chloride, but since the complex equilibrium between Sn ++ , Sn ++++ , HC1, 
and complex chloro acids is not fully known it is impossible to define the 
system definitely. 


EFFECT OF TEMPERATURE 

Runs were made on solution No. 12 at different temperatures. It was 
impossible to calculate values of K for comparison, since the apparent 
order of the reaction varied with the temperature. This change can be 
attributed to several factors. First, the solubility of oxygen is higW a t 
the low temperatures, allowing a higher saturation concentration of oxygen, 
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and thus increasing the reaction rate. Then, too, the change of tempera¬ 
ture affects the equilibrium between Sn ++ , SnCl 2 and the chloro acid 
complexes. These factors mask the true temperature coefficient of the 
reaction, so that the results are of qualitative importance only. The results 

TABLE 2 

Data for duplicate runs at 25°C. 

Solution No 6 


Stannous chloride, 31 3 grams per liter; hydrochloric acid (total) 0 758 N 


TIME 

RUN 

165 

RUN 168 

Oxygen absorbed 

K 

Oxygen absorbed 

K 

minute* 

milligram * 

mg /min 

milligrami 

mg /mm 

10 

0 60 

0 0600 

0 60 

0 0600 

20 

1 17 

0 0587 

1 19 

0 0593 

30 

1 77 

0 0592 

1 78 

0 0594 

40 

2 35 

0 0587 

2 35 

0 0587 

50 

2 87 

0 0575 

2 93 

0 0587 

60 

3 48 

0 0581 

3 55 

0 0591 

70 

4 01 

0 057? 

4 07 

0 0581 

80 

4 66 

0 0570 

4 67 

0 0583 

90 * 

5 10 

0 0567 

5 20 

0 0578 

100 

5 67 

0 0567 

5 77 

0 0577 

110 

6 19 

0 0562 

6 27 

0 0670 

120 

7 29 

0 0556 

7 42 

0 0570 

140 

7 86 

0 0562 

7 97 

0 0570 

150 

8 37 

0 0559 

8 51 

0 0567 

160 

8 96 

0 0560 

9 10 

0 0568 

170 

9 48 

0 0.558 

9 63 

0 0568 

180 

10 06 

0 0559 

10 21 

0 0567 

190 

10 70 

0 0562 

10 80 

0 0568 

200 

11 19 

0 0559 

11 37 

0 0568 

210 

11 75 

0 0559 

11 93 

0 0568 

220 

12 31 

0 0559 

12 48 

0 0567 

230 

12 89 

0 0561 

13 07 

0 0568 

250 

13 91 

0 0556 

14 11 

0 0566 

270 

15 00 

0 0555 

15 23 

0 0565 


Av = 0 0568 

Av = 0 0576 


are expressed in terms of the time required to oxidize one-half of the stan¬ 
nous chloride, starting at the beginning of the run. From the curves in 
figure 1, the following “half-times” were interpolated: 


At 45°C 
35°C. 
26°C. 
15°C. 
0 3 C. 


144 minutes 
228 minutes 
320 minutes 
384 minutes 
330 minutes 
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The solubility of oxygen between 15° and 0°C. shows a marked increase, 
and this is probably the cause of the decrease in the time of half absorption 
for the lower temperature. 

EVIDENCE FOR A CHAIN REACTION 

A number of tests were made to determine whether or not there is any 
evidence that the reaction under consideration belongs to the chain type of 



Fig. 1. The Effect of Temperatuhe on the Rate of Oxygen Consumption by 

Stannous Chloride 


reaction similar to the oxidation of sodium sulfite studied by Alyea and 
Backstrom (3). 

This reaction meets the criterion of being exothermic, as was shown by 
Berthelot (4), whose work was done at 500°C. A confirmatory experiment 
in our laboratory, at room temperature, also indicated that the reaction is 
exothermic. 

For the purpose of confirming the chain mechanism, tests were made on: 
(1) the influence of light; (2) the existence of an intermediate peroxide; (3) 
the effect of added substances, especially inhibitors; (4) the coupled oxida¬ 
tion of a second molecular species present in the system. 
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1 . Effect of light 

Visible light had no effect on the reaction rates. Two flasks were painted 
black, and the runs made in these showed no difference from those in 
unpainted flasks. In addition, some experiments were made in which a 
250-watt tungsten light was placed adjacent to the reaction flask, and other 
experiments in which the direct beam of the strong green and yellow light 
from a high intensity capillary mercury vapor lamp was used. In both 
cases no acceleration of the reaction was noted. It was discovered, how¬ 
ever, that ultra-violet light of wave length below 3070 A. was absorbed 
completely by the solution and that it speeded up the reaction very con¬ 
siderably. The details of these experiments will be discussed in a subse¬ 
quent paper. 


2. Detection of peroxide 

A sample of the partially oxidized stannous chloride was found to give a 
peroxide test with titanium sulfate. This test could not be obtained 
after the solution had been allowed to stand for 2 or 3 hours, showing that 
the peroxide had been used up by reaction with more stannous chloride. 
No attempts were made to isolate the peroxide, because of the small 
amount present and its relative instability. 

3. Catalytic effects of certain substances 

One of the most important of the criteria of photochemical chain 
reactions, which can also be applied to thermal chain reactions, is the great 
effect of negative catalysts. The reaction of stannous chloride with molec¬ 
ular oxygen is very sensitive to the action of added substances, as shown 
both by our work and by that of Young (5). In attempting to duplicate 
Young's work on inhibition by alkaloids, it was found that cocaine, mor¬ 
phine, and brucine had little effect in 0.001 M solution. In 0.01 M solu¬ 
tion a reduction to about 90 per cent of the normal rate was shown, and in a 
saturated solution, a reduction of 55-65 per cent of the normal values. 

Because of the effect of the alkaloids it was of interest to investigate the 
action of other nitrogen compounds; accordingly a series of experiments 
was carried out in which many varieties of these compounds were used. 
The results are shown in table 3, in which the value of K is given, together 
with the percentage value of K in relation to the uncatalyzed value of K 
for the stock solution used in each experiment. It will be noticed that 
nitrogen compounds, in general, were inhibitors, but that the inhibiting 
power is aff ected by the position of the nitrogen and the nature of the other 
atoms bound to it. Amino compounds had little effect, some of them 
slightly inhibiting the reaction and some accelerating it slightly. Nitro 
compounds were the most effective of the inhibitors studied, and the mole- 
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TABLE 3 

The effect of certain nitrogen compounds 

Normal K values for the solutions: No. 5, K =» 0.0626; No. 6, K 0.0572; No. 7, 

K = 0 0583 mg. per minute 


SOLU- 

row< »N- 

COMPOUND 

K 

PBB CUNT OF 

TION 

THATION 



NORMAL 


Alkaloids 


5 

molen/liter 
0 001 

Cocaine hydrochloride 

mg /min 

0 0620 


5 

0 001 

Brucine 

0 0574 

91 7 

5 

0 1 

Brucine 

0 0345 

56 1 

5 

0 01 

Morphine hydrochloride 

0 0565 

90 3 

5 

0 1 

Morphine hydrochloride 

0 0407 

65 0 

5 

0.01 

Nicotine 

0 0622 


6 

0 01 

Veronal 

0 0552 

96.5 


Nitro compounds 


6 

0 01 

p-Nitrotoluene 

0 0112 

19 6 

6 

0 001 

Nitronaphthulene 

0 0147 

25 7 

7 

0 01 

1 Nitromethane 

0 0114 

19 6 

6 

0 001 

o-Nitrophenol 

0 0106 

18 6 

7 

0 01 

p-Nitrophenol 

0 0156 

26 8 

6 

0 01 

rn-Nitroaniline 

0 0012 to 0 0043* 

About 5 

6 

0 001 

p-Nitrobenzoic acid 

0 0120 

21 0 

6 

0 001 

Nitrophenylhydrazine 

0 0119 

20 8 

0 

0 01 

m-Dinitrobenzene 

0 0029 

5 1 

6 

0 001 

spw-Trinitrobenzene 

0 0081 

14 2 

6 

0 01 

Trinitrotoluene 

0 0058 

10 1 

6 

0 00001 

Picric acid 

0 0330 to 0 0444 

About 60 

6 

0 0001 

Picric acid 

0 0170 

29 7 

6 

0 0005 

Picric acid 

0 0154 

26 9 

6 1 

0 001 

Picric acid 

0 0122 to 0 0179 

About 25 

6 

0 01 

Picric acid 

0 0145 

25 3 


Amino and imino compounds 


5 

0 01 

Glycine 

0 0631 


5 

0 01 

p-Toluidine hydrochloride 

0 0564 

90 1 

5 

0 01 

Phc nylhydrazine hydrochloride 

0 0382 

61 0 

6 

0 01 

Carbazole 

0 0535 

93 5 

6 

0 01 1 

Hydroxylamine hydrochloride 

0 0582 


6 

0 01 

Urea 

0 0595 


7 

0 002 

Thiourea 

0 0656 

112 5 

7 

0 0045 

Thiourea 

0 1120 

192 0 

7 

0 01 

Thiourea 

About 1 2 

2060 0 


* The t fro values of K in some experiments denote a rise in the value of K, due to the 
destruction of the inhibitor. 
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TABLE] 3— Concluded 


SOLU¬ 

TION 

CONCEN¬ 

TRATION 

COMPOUND 

K 

PER CENT OP 
NORMAL 



Amino and imino compounds- 

—Concluded 



mole8/ltter 


mg /mtn. 


7 

0 01 

Ammonium thiocyanate 

0 0465 

79 8 

7 

0 01 

Sulfanilic acid 

0 0584 


7 

0 01 

Acetanilide 

0 0571 


7 

0 01 

Semicarbazide hydrochloride 

0 0501 

85.9 

7 

0 01 

p-Aminophenol 

0 1028 

176 3 



Other nitrogen compounds 


6 

0 001 

Cellulose nitrate 

0 0470 


7 

0 01 

Potassium nitrate 

0 0504 

96 7 

7 

0 01 

Potassium cyanide 

0 0517 

88 7 

7 

0 01 

Butyl cyanide 

0 0530 

91 9 

7 

0 01 

Acetoxime 

0 0567 

97 3 

7 

0 01 

Azobenzene 

0 0208 to 0 0298 

About 45 

7 

0 001 

Aminoazoben7ene 

0 0587 


7 

0 01 

Aminoa7obenzene 

0 0042 

110 0 

7 

0 01 

Butyl nitrite 

0 0576 


7 

0 01 

Azoxybenzene 

0 0523 

89 7 

7 

0 01 

Guanidine nitrate 

0 0421 

72 2 


cules with two or three nitro groups were more effective than those with 
one. In contrast with this, organic and inorganic nitrate salts showed 
little or no effect. The azo and hydrazine groups were fair inhibitors, 
while the cyanide, oxime, azoxy, amino, and nitrite groups had very 
slight inhibitory power, or none at all. 

In general no attempt was made to discover whether or not the catalyst, 
either positive or negative, had been destroyed during the course of the 
reaction. In the case of picric acid the strong yellow color disappears 
during the course of the oxidation, and at the same time, a rise takes place 
in the rate of oxidation. Both of these facts indicat» that the picric acid 
is destroyed during the reaction. 

Thiourea is a marked exception to the other nitrogen compounds since 
it showed a strong acceleration of the oxidation in concentrations as low 
as 0.002 ikf. As the concentration was increased the amount of accelera¬ 
tion of the reaction increased, until at 0.01 M the initial rate a as about 
1750 per cent of the uncatalyzed value. However, at this concentration 
the rate of oxidation drops off rapidly, indicating that the thiourea is being 
destroyed. In studying the action of thiourea, two special runs were made, 
one using 0.01 M thiourea in 0.8 N hydrochloric acid, and the second 
similar, except for the addition of a small amount of stannous chloride 
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(0.007 Af). In the first case, no absorption was noticed, indicating that 
under these conditions thiourea alone does not absorb oxygen. In the 
second run oxygen was absorbed until the stannous chloride was used up, 
when the absorption stopped. The accelerating action of thiourea is 
apparently due to the sulfur atom, since amino compounds have been 
shown to have little effect, and yet this action is very specific since some 
of the other sulfur compounds used had no effect (benzyl sulfide, sulfanilic 
acid, benzenesulfinic acid, and powdered sulfur). Some sulfhydryl com¬ 
pounds were used, such as cysteine, thiocresol, thiobarbituric acid, and 
thiosalicylic acid. These were all inhibitors, reducing the rate to 40-45 
per cent of its normal value. Thioglycollic acid however had practically no 
effect on the rate. This is in agreement with SchobeiTs work (6) in which 
he found a negative catalytic effect with cysteine and glutathione on the 
autoxidation of leuco methylene blue, but is opposite to the accelerating 
effect of sulfhydryl compounds in biological phenomena (7). 

The oxygen compounds used had little effect The aliphatic alcohols 
increased the absorption rate 5 to 10 per cent and phenol had no effect, but 
hydroquinone, pyrogallol, and mannite decreased the value of K to about 
90 per cent, and quinhydrone to 67 per cent of its uncatalyzed value. 
Other oxygen compounds, of widely different types—acids, ketones, 
thymol, ethyl ether, benzoyl peroxide, and paraformaldehyde—showed no 
appreciable effect on the rate of absorption. 

Tetraethyllead gave a value for K of 455 per cent of the uncatalyzed 
value. Ammonium thiocyanate was a good inhibitor; potassium cyanide, 
potassium nitrate, benzene, and anthracene decreased the value of K , 5 to 
15 per cent. Certain other compounds had no effect; this group includes 
arsanilic acid, magnesium chloride, magnesium pyrophosphate, dibasic 
sodium phosphate, sodium arsenate, sodium pyrophosphate, and mineral 
oil. Silica gel, ground to 180 mesh, had no effect on the rate, showing 
that the reaction does not take place on the surface of the flask, but is a 
true solution reaction. 


Catalysis by charcoal 

The catalytic acceleration of many autoxidations by charcoal suggested 
its use in this study. Powdered willow charcoal accelerated the reaction 
but not in proportion to the weight used. For example, 0.12 mg. per cc. 
increased the rate to 167 per cent of its normal value; 0.6 mg. per cc. 
increased it to 228 per cent; and 1.2 mg. per cc. increased it to 253 per cent. 
This differs from the results of Lamb and Elder (8) who found for autoxida¬ 
tion of ferrous sulfate that the increase in oxidation rate was proportional 
to the amount of charcoal used. 

As in other autoxidations in which charcoal has been used it was found 
that the *‘active centers” on the charcoal can be promoted or poisoned. 
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Promotion was shown by copper salts. The initial absorption rate for 
charcoal alone was 1.72 mg. per 10 minutes, for cupric chloride alone, 2.01 
mg. per 10 minutes, while cupric chloride and charcoal together gave a value 
of 10.80 mg. per 10 minutes. These values are given in grams, since a 
value of K could not be calculated for the promoted catalyst. 

The poisoning effect was shown by picric acid and by sodium arsenate. 
The latter compound had no effect on the reaction rate when used alone; 
charcoal alone increased the rate to 228 per cent of normal, but when the 
two were used together the rate was reduced to exactly the uncatalyzed 
value. This is similar to the results of Lamb and Elder (8), in which they 
found that phenylurea, amyl alcohol, and acetanilide when used alone 
showed no effect on the autoxidation of ferrous sulfate, but that they 
destroyed the accelerating influence of charcoal on the reaction. Picric 
acid showed a strong inhibition for the stannous chloride reaction, and 
when it was used in conjunction with charcoal, absorption rates were ob¬ 
tained which lay between the values for the two substances singly. Accord¬ 
ing to the Taylor theory (9) these compounds are preferentially absorbed 
at the most active points and prevent the usual accelerating action of the 
charcoal. 

4. Coupled, oxidation 

It was found that while an aqueous solution of allyl alcohol does not ab¬ 
sorb oxygen, there is coupled oxidation of the allyl alcohol in the presence of 
stannous chloride. In order to determine the amount of excess absorption, 
the apparatus was arranged so that solid stannous chloride could be held 
above the solution in a glass capsule until the gas had come to constant 
temperature. The capsule was dropped into the acid solution with the 
first shake of the machine. In this way, it was possible to measure the 
total amount of oxygen absorbed by the system. By using pure oxygen 
as the atmosphere, the experiment was completed in a short time. Table 
4 gives the results of this work, showing the effect of varying amounts of 
stannous chloride, allyl alcohol, and acid. The effects of temperature and 
of added substances are also given. The per cent excess absorption in¬ 
creased with increasing amounts of allyl alcohol, and decreased with in¬ 
creasing amounts of stannous chloride and hydrochloric acid. These 
effects may be explained by the assumption that the allyl alcohol is oxi¬ 
dized by the primary peroxide. With increased concentration of allyl 
alcohol more of the chains will involve alcohol molecules, and thus a 
larger amount will be oxidized. 

Increased amounts of stannous chloride or hydrochloric acid cause an 
increase in the rate of consumption of oxygen, and at the same time cause 
a decrease in the amount of induced oxidation. Increased temperature, 
and homogeneous catalysts such as cupric chloride and thiourea, also have 
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TABLE 4 


Induced oxidation of allyl alcohol 
(a) Effet t of varying amounts of stannous chloride 
0 854 gram allyl alcohol in 25 cc. of 0 440 N HC1 


SnCh 

EXCESS Os ABSORBED 

gram 8 

per cent 

0 127 

45 1 

0 381 

34 8 

0 635 

28 1 

(b) Effect of varying amounts of allyl alcohol 

AIIYL ALCOHOL 

EXCESS O: ABSORBED 


(1) 0 381 gram SnCL in 25 cc of 0 440 N HC1 


drama 

0 171 
0 854 
1 708 


per cent 

19 4 
34 8 
36 2 


(2) 0 635 gram SnCl 2 in 25 cc of 0 440 N HC1 


0 171 
0 854 
1 708 


14 8 
28 1 
31 3 


(c) Effect of temperature 
0 381 gram SnCl 2 in 25 cc of 0 440 N HC1 


AIUL ALCOHOL 

EXCESS Oj ABSORBED 

15 ®C | 

25 ®C 

35 °C 

grama 

per cent 

per cent 

per cent 

0 085 

16 8 



0 171 

20 1 

19 4 

16 4 

0 854 

37 2 

34 8 

27 6 

1 708 

40 1 

36 2 

36 3 


(cl) Effect of additional substances with allyl alcohol 
0 381 gram SnCl, + 0 171 gram allyl alcohol m 25 cc 0 440 N HCl 


ADDED SIBSTANCE 


None 

-fO 1 gram thiourea 
+0 1 gram charcoal 
+0 1 gram CuCl 2 


EXCESS O 2 ABSORBED 
per cent 

19 4 

7 2 
23 7 

8 7 
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TABLE 4 —Concluded 
(e) Effect of acid 

0 854 gram allyl alcohol; 0 381 gram SnClj 


None (25 ce H,0) 

10 CP. 0 140 .V + 15 ce 11.0 
25 cc 0 440 V 
25 cc 4 0 N 


t XCESSOl 
ADSORBS!) 


per cent 
28 1 
44 4 
34 8 
7 7 


TABLE 5 



Induced oxidation 

in non-ae/uf ous 

so U i nt'c 




IOTA! GRAMS Oh 




OX"! HEN I RED 


SOI \ ENT 

SPM!.!> Oh 

m 0 320 gram 

KXrBRR 


RE\( 1 ION 

oh anhyduoir 

OXYGEN l RKU 

! 


STANNOl R 
( MI ORIUM 





per cent 

Ethyl alcohol 

Rapid 


About 50 

Isopropyl alcohol 

Rapid 

0 04194 

55 3 

Amyl alcohol 

Rapid 

0 04450 

64 3 

n-Heptyl alcohol 

Rapid 

0 04777 

76 9 

Cydohexanol 

Rapid 

0 04912 

81 9 

Benzyl alcohol 

Slow 



Phenylethyl alcohol 

Slow 



Cresol 

Slow 



Acetic acid 

Rapid 

0 03585 

32 3 

Propionic acid 

Rapid 

0 04088 

51 4 

Ethyl acetate 

Rapid 

0 03169 

17 4 

Butyl butyrate 

Rapid 

0 03454 

28 0 

Acetone 

Rapid 


About 30 

Acetophenone 

Slow 



Aniline 

Slow 



Pyridine . 

Slow 



Dibutyl ether 

Slow 



Glycerine 

Slow 



Benzene 

Very slow 




the dual effect of speeding up the rate of consumption and of decreasing 
the amount of induced oxidation. Charcoal, on the other hand, while it is 
also a positive catalyst, increased the amount of induced oxidation. 
This may be explained by the higher concentrations of allyl alcohol pro¬ 
duced at the surface of the charcoal by adsorption. 

Several other substances were used in place of allyl alcohol in investigat¬ 
ing the phenomenon of induced oxidation. It was found that there was no 
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excess oxygen used when acetone, phosphorus acid, maleic acid, or p- 
aminophenol were used, but that butyraldehyde used 14.8 per cent excess. 

Coupled oxidation was also found when stannous chloride was oxidized 
in non-aqueous solvents. The solvents used are shown in table 5 together 
with the total grams of oxygen used and the per cent excess over the 
theoretical amount necessary for oxidation of the stannous chloride. 
There seem to be two classes or types of solvents among those tried, one 
class in which the oxidation is fast and the second in which it is slow. In 
the former group the oxidation of the sample was complete in 3 to 10 
minutes, in spite of the fact that no excess hydrochloric acid was present 
as in the case of oxidation in aqueous solution. In each solvent of this 
group an excess of oxygen was used. In the rest of the solvents the reaction 
was comparatively slow, so that it was not followed to completion. There 
is no relation between the phenomenon of molecular compound formation 
and this division into types, for substances which form molecular com¬ 
pounds with stannous chloride are found in both classes. Neither is there 
a relation between ease of oxidation and the separation into types, since 
compounds which are easy to oxidize and others which are hard to oxidize 
are found in both classes. 


DISCUSSION 

The results of the foregoing experiments are best explained by the well- 
known peroxide theory of autoxidation, in which it is held that oxidations 
of this type are attended by the intermediate formation of metastable or 
dative peroxides which are characterized by high energy content and great 
instability. Such peroxides are very active and account for many of the 
phenomena of autoxidation (10). Mention has been made of the fact that 
in the autoxidation of stannous chloride enough peroxide is formed to be 
detected quahtatively. Further evidence of the existence of a peroxide is 
afforded by the induced oxidation of many compounds, especially alcohols. 

That this reaction is a chain reaction is supported by the great influence 
of added substances, particularly inhibitors, on the course of the oxidation, 
and also by the fact that the reaction is exothermic. There is also further 
support from photochemical data. 

In the autoxidation of stannous chloride there is reason to believe that a 
complex chloro acid is the form in which the Sn ++ i s oxidized. Prytz (11) 
has shown that the complex ions SnCl 3 ~ and SnCl 4 — exist in aqueous solu¬ 
tions of comparatively low hydrochloric acid concentration. This conclu¬ 
sion is supported by the fact that an excess of hydrochloric acid has a great 
accelerating action on the autoxidation of stannous chloride. Complexes 
are also known between stannous chloride and potassium chloride or 
sodium chloride, and these substances act in a manner similar to that of 
hydrochloric acid in accelerat ing t he autoxidation of stannous chloride, but to 
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a less degree than does hydrochloric acid. In another paper further evi¬ 
dence will be given to show that in the photochemical autoxidation the 
substance which actually absorbs the light quanta and becomes activated 
is a complex ion of this type. 


SUMMARY 

1 Increased temperature increases the rate of autoxidation of stannous 
chloride, but the true temperature coefficient is masked by the change m 
the solubility of oxygen and changes in the complex equilibria existing in 
the solution 

2 Visible light has no effect on the reaction but ultra-violet light below 
3070A is absorbed and accelerates the reaction 

3 A peroxide was detected in the fresh, partially oxidized sample of 
stannous chloride This peroxide disappears by reaction with further 
stannous chloride 

4. Many organic substances, particularly mtro compounds, were found 
to be mhibitois of the reaction Picric acid was the strongest inhibitor 
found, and this inhibitor was shown to be destroyed during the oxidation 

5 Thiourea was found to be a strong positive catalyst for the autoxida¬ 
tion 

6 Poisoning and promoter action were found for the catalysis of the 
reaction by powdered willow charcoal 

7 Coupled oxidation of a second molecular species was found in aqueous 
solution m the cases of allyl alcohol and butyraldehyde, and m many non- 
aqueous solvents such as alcohols, acids, esters, and ketones. 
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NEW BOOKS 

New Conceptions in Biochemistry. By N. R. Dhar. 23 x 16 cm.; pp. x + 168. Allah- 

abad: The Indian Drug House. 

In the preface the author says: “Since the days of Lavoisier, animal metabolism 
has been a fascinating subject of research for chemists and physiologists alike. 
Despite the attempts of numerous distinguished workers, the enigma of animal 
metabolism still remains unsolved. In this book an effort has been made to discuss 
the general physico-chemical principles underlying animal metabolism. The book 
deals with the chemical aspects of biochemistry which have any bearing on metab¬ 
olism. It is therefore in no way to be a book of reference. No attempt has been 
made to describe systematically all diseased conditions occurring in cases of improper 
metabolism. The dominant idea in the book is that several diseases are due to a 
lack of a proper and balanced oxidation of the three classes of food materials, the 
carbohydrates, fats, and proteins.’’ 

The headings of the chapters are: an introduction to views on food principles and 
chemical aspects of metabolism; biological oxidations; carbohydrate metabolism; 
metabolism of fats; oxidation of mixtures of carbohydrates, fats, and proteins; 
actino-therapy; deficiency diseases, internal secretions, vitamins, and light; normal 
ossification, and the formation of crystalline deposits in diseases; gout, fever, and 
uses of alkali, phosphates, and iron preparations; acclimatization and physical 
interpretation of Rubner’s law of surface—and the ageing of cells, catalysts, and body 
colloids—the problem of old age and death; coagulation of blood, serum, and milk. 

“Oxidation is the central life process supporting the entire complicated machinery 
of the living being. The substances undergoing metabolism in the animal body, 
comprising proteins, carbohydrates, and fats, are entirely resistant to oxidation by 
molecular oxygen under ordinary conditions. Yet in the animal body they are 
oxidized with the greatest ease into their end-products,” p. 14. 

“It is evident that acetone bodies are not products of normal metabolism, but 
result from abnormal conditions. The author has suggested that under normal con¬ 
ditions, fats are mainly burned in the animal body directly to carbon dioxide and 
water, without the formation of intermediate products. An objection may be 
raised as to how a fatty acid containing 18 carbon atoms can be directly oxidized to 
carbon dioxide and water without the formation of intermediate products. Many 
physiologists are of the opinion that acetoacetic acid, with fo%r carbon atoms in its 
molecule, undergoes complete oxidation to carbon dioxide and water. If a molecule 
with four carbon atoms can be directly oxidized, then the direct oxidation of more 
complex acids is not impossible,” p. 41. 

“In the absence of thyroid there is little oxidation of fat. When fat is being 
metabolized in the body, the oxidation of carbohydrate is retarded. From this it 
will be seen that in the cases of thyroid removal there will be rapid oxidation of 
glucose; added to this is the accelerating effect of insulin on glucose oxidation, if 
insulin is injected. Therefore, there will be a greater lowering of blood sugar in cases 
of thyroid removal than in cases where the thyroid is functioning normally. Hence 
the greater violence of symptoms following an overdose of insulin,” p. 53. 

“We hatve demonstrated that the oxidation of substances like sodium sulphite, 
ferrous hydroxide, etc., by air or oxygen is greatly retarded by the presence of sugars, 
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sodium arsenite, etc., which in their turn, are oxidized in presence of sodium sulphite, 
ferrous hydroxide, etc. Similarly, we have proved that the oxidation of fats is re¬ 
tarded by carbohydrates and vice versa/* p. 57. 

*' 1 In the case of adrenal secretions, we assume that the oxidation of fat is also 
accelerated by the promoter action of the secretion, and consequently in this case 
also the main store of energy comes from the oxidation of fat, and so the glucose is 
not oxidized and glycosuria results. 

“With pituitary the case is different; for wc assume that in presence of this secre¬ 
tion it is mainly the oxidation of protein matter which is increased; and consequently 
the energy supply comes from this oxidation, leaving glucose and fats unoxidized. 
From this point of view it will be clear that the function of the pancreas secretion, 
which mainly accelerates the oxidation of glucose, need not be considered antagonis¬ 
tic to that of the thyroid, pituitary, or adrenals. We assume that the matter merely 
rests on the preferential oxidation of one variety of food material due to the presence 
of the promoter. In hyper-functioning of the pancreas the glucose will be readily 
oxidized, and will supply the energy Hence, according to our point of view, the 
pancreas need not inhibit the action of the thyroid, or the adrenals; moreover, the 
adrenal or thyroid need not inhibit the action of the pancreas. We are strongly of 
the opinion that in normal health pancreas, thyrord, adrenal, and pituitary perform 
their proper function by promoting the oxidation of carbohydrates, fats, and pro¬ 
teins in the proper proportions. Consequently a combination of the respective 
hormones, especially thyroid and pituitary, should yield better results in many 
diseases than either singly/’ p. 58 

“Addison’s disease is today regarded by most investigators as due to hypofunction 
of the adrenal glands. It develops gradually with general asthenia, lack of interest, 
and malaise; digestive disturbances are common, with vomiting or diarrhoea and 
constipation, which may be alternating in character. Addison’s disease usually 
resists all methods of treatment. Organotherapy w ith adrenal substance offers great 
hope, and in the hands of numerous practitioners has proved far more effective than 
all other therapy,” p. 86. 

“Rolirig and Zuntz showed that a curarized warm-blooded animal at ordinary 
room temperature lost the power of maintaining its body temperature and that the 
intensity of metabolism decreased accordingly. Curare prevents the transmission 
of motor impulses to voluntary muscles. Krogh states that the curve of oxygen 
absorption as influenced by body temperature is the same in the anesthetized frog 
and fish as in the curarized dog,” p. 123. 

The author is attempting to show that many physiological disturbances are due to 
improper and unbalanced oxidation. The reviewer is attempting to show that many 
physiological disturbances are due to over-agglomeration or over-dispersion of 
proteins. Some day some intelligent person will show that these are two parts of 
the same point of view. Perhaps improper and unbalanced oxidation causes over¬ 
agglomeration or ov*»r-di8persion of proteins. 

Wilder D. Bancroft. 

Physical Chemistry for Students of Biology and Medicine . By David I. Hitchcock. 

23 x 15 cm.; pp. xii 182. Baltimore: Charles C. Thomas, 1932. Price: $2.75. 

In the preface the author says: “The material presented in this book has been 
offered during the past five years to medical and graduate students in Yale Univer¬ 
sity as a part of the course in physiology.” 

The chapters are entitled: gases; liquids and gases; solutions; solutions of 
electrolytes the law of mass action; hydrogen ions, indicators and buffers; galvanic 
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cells and electrometric pH determination; adsorption—the colloidal state; membrane 
equilibrium; equilibria in blood; reaction velocity and enzyme action; oxidation- 
reduction potentials—phase boundary of potentials; electrokinetio phenomena; 
transformation of energy. 

The book is essentially orthodox. Distrubing facts are ignored conscientiously 
and effectively. No reference is made anywhere to the effect of solubility on partial 
pressures, as in the case of ether and water and consequently there is no reference to 
the absence of any solubility term in the so-called Raoult formula. 

All proteins combine stoichiometrically with hydrogen chloride and albumin 
forms true solutions in water, p. 116. 

Wilder D. Bancroft. 

Gmelin8 Handbuch der anorganischen Chemie . 8 Auflage. Herausgegeben von der 
Deutschen Chemischen Gesellschaft. System Nummer 59. Eisen. Teil A. 
Lieferung 4. 26 x 18 cm.; pp. 587-846. Berlin: Verlag Chemie, 1932. Price 41 
Marks (Subscription Price 35.50 Marks). 

This volume, written by Prof. Durrer of the Technische Hochschule, Charlotten- 
burg, is a continuation of Lieferung A3, will be completed by Lieferung A4, and 
deals with the metallurgy of iron. It contains accounts of the puddling process, the 
Bessemer, Thomas and other Open-Hearth processes, electric furnace methods, and 
several minor processes. The references to the literature are very complete, includ¬ 
ing European and American publications, and there are numerous curves and 
illustrations of plant. The actual text is relatively meagre, most of the space being 
taken up by literature references, and numerical data, so that the volume is essen¬ 
tially intended for readers who have a good library available. It cannot replace the 
usual works on ferrous metallurgy, since the descriptions are far too sketchy to be 
of any particular value in themselves. It would seem that by branching off into 
chemical technology the editors of Gmelin have rather departed from the intention 
of the work, and if other parts of the subject are to be treated on the applied side in 
the same way as in the present volume, the result will be somewhat disappointing. 

J. R. Partington. 

Eisen- und Stahllegierungen Patent&ammlung. Zugleich Anhang zur Metallurgie des 
Eisens in Gmelins Handbuch der anorganischen Chemie . By A. GrOtzner. 26 x 
18 cm.; pp. 308. Berlin: Verlag Chemie, 1932. Price 32 Marks. 

This volume, which is an appendix to the sections on iron and steel in Gmelin’s 
Handbuch, consists entirely of references to patents, with brief statements of the 
contents, arranged in tabular form according to the chemical composition of the 
systems. The patents cover the period 1880 to 1932 and various countries, and there 
are 7000 references. There is no doubt that such a work will save an enormous 
amount of time and labour and the price must be considered reasonable. It should 
be in all technical libraries. 

J. R. Partington. 

The Sorption of Cases and Vapours by Solids. By J. W. McBain. 23 x 14 cm.; pp. 
xii + 577. London: Geo. Routledge and Sons, 1932. Price 25 shillings net. 

The group of rather heterogeneous phenomena known as the sorption of gases and 
vapours by solids has been the subject of a great number of experimental and theo¬ 
retical investigations, and has acquired an extensive and scattered literature. In 
view of the great general interest of the subject, a book merely giving a classified 
survey of the material and literature references would in itself be of appreciable 
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utility, but when such a comprehensive treatment is accompanied, as it is in the 
present volume, by the critical and suggestive views of an expert, the book naturally 
becomes one of considerable interest and importance. In his book, McBain has 
provided not only workers in this field but also chemists and physicists in general 
with an account of the particular aspects of sorption indicated in the title which is 
likely to become the standard work of reference. The range of material dealt with 
is surprisingly large, and in his careful study of the literature, in the great majority 
of cases obviously in the original, the author has not only materially contributed to 
the attainment of a proper perspective but has also performed an exacting task for 
which he deserves the thanks of his readers. The literature references are very full, 
in a few cases the bibliography having been contributed by specialists, and the author 
index contains 1500 names. There is a short subject index and an index of sub¬ 
stances, so that the use of the book for purposes of reference is easy. Numerous 
tables and curves are given in the text. In some cases the descriptions on the curves 
are in German, and some rather complicated diagrams of apparatus are not explained 
in the text. 

The emphasis in the treatment is on the experimental side, although the theories 
are also discussed in a critical manner. For the detailed mathematical treatment 
of the theories the reader is referred to other works. The style is generally terse, 
sometimes even to the point of being in places rather difficult to understand, and the 
large amount of information given sometimes leads to a slight lack of coherence in 
the text, which makes the reading rather tedious. In compensation for this, the 
reader will find that the book covers a really amazing amount of ground and gives a 
well chosen selection of numerical data. 

Among the contents are descriptions of the experimental methods; sorption by 
charcoal, zeolites, silica and other gels, glass, impermeable crystals, metals; the 
thickness of the adsorbed film; mobility in sorbed films; sorption by jellies; effect of 
sorption on the solid; heat of sorption; theories of sorption; contact catalysis; the 
electrical interpretation of sorption. 

The author, as a result of his critical survey, concludes that Langmuir’s theory of 
adsorption is the one which agrees best with all the available facts, although he 
admits that in some cases the Bame data have been used to support two conflicting 
theories. He claims (p. 459) that the condensed film theory has been disproved by 
some experiments by himself and Britton, but omits to mention that in the same 
issue of the journal in which these were published another set of experiments by 
Foote and Dixon were reported which, although not specifically designed to test that 
theory, were shown to be in agreement with it. The remarkable experiments of 
Hardy haunt the exposition of the monomolecular film theory in several places, and 
it is regrettable that the work of Bastow and Bowden came too late for inclusion. 

The book is one which should find a welcome from many classes of readers and 
deserves the highest commendation. The great bulk of the literature might well 
have overwhelmed a less enthusiastic and energetic author, but McBain has not 
only mastered it but has been able to deal with it in a critical and suggestive manner 
which deserves great praise and adds materially to the value of the book. 

J. R. Partington. 

Wdrterbuch der Kolloidchemie. By Alfred Kuhn. 19 x 13 cm.; pp. 179. Dresden: 

Theodor Steinkopff, 1932. Price RM. 8. 

This book is not, aa its title states, merely a dictionary of colloidal chemistry. 
The treatment lies between that adopted in a standard English dictionary and that 
in an encyclopedia, the more important topics being treated in greater detail; for 
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example, the phenomenon of swelling is given over four pages, adsorption and its 
related phenomena in its general aspects, nine pages, while seventy-w ord paragraphs 
suffice for such subjects as the Hofmeister series, the smectic condition, and thixo¬ 
tropy The name of the author of the term is given wherever possible, and some¬ 
times the full reference, and at the end is a useful list of the important books on 
various aspects of colloid chemistry 

This book will satisfy a definite need at this time There is such a vast output of 
literature on the subject, and the terms used have multiplied at such a rate, that it is 
often difficult even for a w orker in this field to keep track of the many terms which 
research workers so delight in introducing If colloid chemists have this difficulty, 
what must be the plight of those specializing in other branches—physicists, biolo¬ 
gists, and technical scientists—when they encounter such terms as “eukolloid,” 
“Pringheim’s rule,” “polvcne” vnd “lyosorption?” A large number of these will, 
it is hoped, fall into disuse, and, indeed, one of the results of the publication of this 
dictionary should be a great simplification of colloid-chemical terminology 

It is difficult to find any serious omissions in this volume It is inevitable that 
one wishes in one place for greater, and in another place for considerably less detail 
Dr Kuhn is to be congratulated sincerely on an achievement of very considerable 
value to colloid chemistrv 

D C Jones 

Die Industnellc Herstellung ion \{ cra>ei staff By Da Hiinhkh Pincass 22 x 15 
cm , pp 82 Dresden & Leipzig Verlag von Theodor Stcinkopff, 1933 Price 
RM 6 50, bound RM 7 30 

The industrial preparation of c heap hydrogen is one of the outstanding problems 
of the heavy chemical industry As the lightest gas its cost per ton remains high, 
although expressed per thousand cubic feet it appears remarkably low A new in¬ 
dustry of coal and oil hydrogenation awaits the advent of low priced hydrogen Al¬ 
though there is an extensive literature on the subject, largely scattered m technical 
publications, there has been hitherto no book summarizing the present state of affairs 
The present work is commendably short it is primarily written for the chemist 
The alternative processes discussed are those starting from water gas, from coke- 
oven gas, from hydrocarbons, the iron contact process, sundry (hemical processes, 
and the electrolytic, to whuh last the greatest space is allotted A few pages are 
devoted to atomic hydrogen and to a list of patent numbers, at the end there is a 
critical summary and the usual author and subject indices 

This is not the place to discuss even the chief points of the various rival processes; 
the author, like other experts at the present time, leaves the reader to take his choice 
between water gas and coke-oven gas as the cheapest source of raw material accord¬ 
ing to the engineering conditions The adoption of the hydroc rbon or electrolytic 
processes depends on the cost of these gases or of electric energy under specially 
favourable circumstances Something below 1 shilling per 1,000 cubic feet of hydro¬ 
gen appears to be the lowest price at which it can be produced even on the largest 
scale This is a remarkable achievement in relation to the cost of a town’s gas at a 
gas works. 


E F Armsiuonq 




STUDIES IN COPRECIPITATION. 1 Ill 
The Water Content op Calcium Oxalate Monohydrate 

ERNEST B. SANDELL* and I. M. KOLTHOFF 
School of Chemistry, University of Minnesota, Minneapolis, Minnesota 
Received June 6 , 1982 

Calcium oxalate precipitated from aqueous solutions usually consists of 
the monohydrate. In addition to the one molecule of water of crystalliza¬ 
tion, the air-dried precipitate contains an excess of water, which may be 
present (a) in the form of a higher hydrate of calcium oxalate, (b) as 
occluded water in the interior of the crystal, (c) as adsorbed water at the 
external and internal surface of the monohydrate (hygroscopic water). 
In connection with a study of the coprecipitation of various ions with cal¬ 
cium oxalate, it was desirable to have some information on the conditions 
of formation of the higher hydrates, and their stability, if left in contact 
with the supernatant liquid. Calcium oxalate monohydrate has been 
recommended as a weighing form for calcium, the precipitate being weighed 
in the air-dry state or after heating at 100°C. to 105°C. From the analy¬ 
tical point of view, therefore, it is of great importance to obtain some defi¬ 
nite information on the amount of water occluded by the precipitate, and 
on its hygroscopic character. 

THE HIGHER HYDRATES OF CALCIUM OXALATE 

The stable form of calcium oxalate is the monohydrate; it forms mono¬ 
clinic crystals of widely varying appearance. According to G. Hammar- 
sten (2) it is obtained in pure form either by precipitation from concen¬ 
trated aqueous solutions of calcium salts and oxalate or from much more 
dilute solutions (0.001 to 0.002 M). Hammarsten states that the mono¬ 
hydrate is not hygroscopic in the real meaning of the word, but easily con¬ 
tains nearly 1 per cent of moisture, because of which it must be dried at 
30-40°C. This statement is not exact; the pure monohydrate is definitely 
hygroscopic, as will be shown later in this paper. By precipitation from 

1 From a thesis submitted by Ernest B. Sandell (Du Pont Fellow in Chemistry) 
to the Graduate School of the University of Minnesota in partial fulfillment of the 
requirements for the degree of Doctor of Philosophy (1032). 

* Lack of space prevents the description of precipitations made in acid, alcoholic, 
etc. solutions. The conditions are merely indicated in table 1. For full details see 
the thesis of E. B. Sandell, University of Minnesota, 1932. 
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approximately 0.07 to 0.02 M aqueous solutions, a precipitate consisting of 
a mixture of the mono- and di-hydrate is obtained. At first view it may 
seem strange that the monohydrate alone is precipitated from more dilute 
solutions; this behavior, however, may be explained by assuming that at 
extreme dilutions the solutions are supersaturated only with respect to the 
monohydrate. According to Hammarstcn it is hard to prepare the di¬ 
hydrate, which crystallizes in the tetragonal system, in a pure form; it 
is much easier to isolate the trihydrate, which crystallizes in the rhombic 
system. Both higher hydrates have been prepared by precipitation from 
more or less dilute hydrochloric acid solutions. The di- and tri-hydrate 
are not stable when left in contact with the supernatant liquid and are 
transformed into the stable monohydrate. Excess of calcium ions inhibits 
the transformation, whereas oxalate ions favor it. Since in fairly strong 
acid medium most of the oxalate is present in the form of bioxalate ions 
and undissociated oxalic acid, it may be expected that free mineral acid 
will favor the stability of the higher hydrate. 

In the following experiments, calcium oxalate was precipitated under 
conditions comparable with those obtaining in the study of coprecipitation 
phenomena. Precipitations were made either by (1) the ordinary method 
or (2) the method of Hahn (3). In the former case, if calcium was to be in 
excess during the precipitation, 20 cc. of 0.25 N ammonium oxalate were 
added from a buret to 24 cc. of 0.25 N calcium chloride (i.e., an excess of 
20 per cent) mixed with sufficient water to give a final volume of 100 cc.; 
and, conversely, if oxalate was to be in excess, 20 cc. of calcium solution 
were added to 24 cc. of oxalate. The time of addition of precipitant was 
one minute. In the method of Hahn, 0.25 N calcium chloride and am¬ 
monium oxalate solutions were added simultaneously from separate burets 
to 50 cc. of water at such a rate that one solution was kept 1 cc. in excess of 
the other throughout the addition; the time of addition was 15 to 20 
minutes. 2 

The precipitates were collected by filtration in sintered glass filtering 
crucibles, washed with alcohol, then with ether, dried by suction in labora¬ 
tory air and weighed; they were then heated to 100-110°C. to remove 
water in excess over that of the monohydrate, cooled in a sulfuric acid 
desiccator, and again weighed; finally the weight was determined after 
constancy had been reached at room temperature and at the same humidity 
as before the heating. The difference between the first and third weighings 
gives the approximate amount of higher hydrate present in the original 
precipitate. The amount of water present as higher hydrate found in this 
way is only approximately correct, because it is assumed that the hygro¬ 
scopic character of ihe precipitate is not changed by heating to 100-110°C., 
and that the occluded water is quantitatively taken up again after drying. 
The figures on the loss of non-hygroscopic water on drying at 100-110°C., 
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TABLE 1 

Loss of non-hygroscopic water of calcium oxalate precipitates heated at 100°C. 


PRECIPI¬ 

TATE 

NUMBER 


MANNER OF PRECIPITATION 

Oxalate added to excess calcium solution at room tem¬ 
perature 

Oxalate added to excess calcium solution at room tem¬ 
perature 

Oxalate added to excess calcium solution at room tem¬ 
perature 

Precipitated as in la, but stood in solution 31 days 
Precipitated as in la, but stood in solution 12 days 
Precipitated as in la, but stood in solution 20 hours 
Calcium added to excess oxalate solution at room tem¬ 
perature 

Calcium added to excess oxalate solution at room tem¬ 
perature 

Precipitated as in 3a, but stood 12 days 
Oxalate added to calcium in hot solution 
Oxalate added to calcium in hot solution 
Calcium added to oxalate in hot solution 
Calcium added to oxalate in hot solution 
As*in 6a, except larger excess oxalate 
Precipitated as in 6a, but stood 17 days 
Neutralization of cold acid solution containing excess 
calcium 

Neutralization of cold acid solution containing excess 
oxalate 

No. 7 repeated in hot solution 
No. 8 repeated in hot solution 

Precipitated in dilate HC1 solution without neutralization 

Method of Hahn, cold, calcium in excess 

Method of Hahn, cold, calcium in excess 

Method of Hahn, cold, calcium in excess 

As in 12a, but stood 1 month 

Method of Hahn, cold, oxalate in excess 

Method of Hahn, cold, oxalate in excess 

Method of Hahn, hot, calcium in excess 

Method of Hahn, hot, oxalate in excess 

Method of Hahn, cold acid solution, oxalate in excess 

No. 16 repeated in hot solution 

Method of Hahn, acetic acid solution, room temperature 
Method of Hahn, alcoholic solution, room temperature 


LOSS OP NON- 
HYGROSCOPIC 
WATER AT 100*C. 

per cent 

13.7 


0 2 
0 1 

approx. 15 0 
approx. 1 

1 2 
0.6 
0.3 
0 6 
0.25 
0.05 
0.1 
0.25 
0.15 

approx. 6 

2.0 


l __ - —-- —-- 

no ™™r+o,l in tabic 1 give the amount of water present as higher hydrate of 
SSitdi of the occluded water; if the* figure, are -njte 
?han 0 5 ner cent it may be safely assumed that no apprectable amount of 
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tioned that the experiments described have not been carried out with the 
intention of finding the proper conditions of preparing the higher hydrates, 
but with the view to obtaining the approximate composition of the precipi¬ 
tates prepared under various conditions. Since the higher hydrates are 
more or less rapidly transformed into the monohydrate when left in contact 
with the mother liquor, it is difficult to get exactly reproducible results, as 
the time of filtration and washing differs in the various cases. Especially 
the precipitates formed at room temperature under ordinary conditions 
are very finely divided and require several hours to filter and wash. 

Transformation of the pure dihydrate into the monohydrate results in 
a loss in weight of 10.98 per cent; of the trihydrate into the monohydrate 
of a loss of 19.78 per cent. 


DISCUSSION OF RESULTS 

1. Calcium oxalate precipitated at room temperature from approxi¬ 
mately 0.1 N calcium solution contains more water than corresponds to the 
dihydrate. A lower water content is found if the oxalate is in excess during 
the precipitation; this may be explained by the fact that excess oxalate 
promotes the transformation of the higher hydrates into the monohydrate 
more than an excess of calcium does. In any case the transformation to 
the monohydrate is complete if the precipitate is allowed to stand in con¬ 
tact with the mother liquor at room temperature for a day or longer. This 
transformation takes place much more rapidly at higher temperatures. 

2. If the precipitation is made at room temperature from extremely 
dilute solutions (Hahn’s procedure (3)) very little higher hydrate is formed 
(experiments 12 and 13). Probably the conditions are such that the solu¬ 
tion during the precipitation is supersaturated only with respect to the 
monohydrate. Addition of much acetic acid or alcohol favors the higher 
hydrate formation in Hahn’s method of precipitation, for these substances 
materially decrease the solubilities of the various forms of calcium oxalate 
(experiments 18 and 19). Fairly slow precipitation of calcium oxalate 
from acid solutions at room temperature favors the separation of the 
monohydrate (solubility effect, experiments 7 and 8). 

3. The monohydrate alone is formed under all conditions if the precipi¬ 
tations are carried out in hot solutions. 

4. The dry higher hydrates are quickly transformed into the mono- 
hydrate on heating at temperatures of 100°C. and above. If kept at room 
temperature in an atmosphere of relative humidity between 25 and 60 
per cent, they slowly lose water and finally are completely transformed 
into the monohydrate. 

WATER OF HYGROSCOPICITY IN CALCIUM OXALATE MONOHYDRATE 

Calcium oxalate was precipitated under most varied conditions, collected 
by filtration in a sintered glass crucible, washed free of electrolytes, and 



STUDIES IN COPRECIPITATION 


157 


weighed after drying in the air or in a desiccator of constant humidity at 
room temperature (weight I). The air-dry precipitates were then heated 
at temperatures of 100-105°, 110°, 115°, 120°, and 125°C., respectively, 
until constant weight was obtained, then cooled in a sulfuric acid desiccator 
and weighed in a closed weighing bottle in order to prevent adsorption of 
water at room temperature (weight II). This precaution was necessary 
since most precipitates were so hygroscopic that they increased in weight 
on the balance, if weighed open to the air. The theoretical weight of the 
calcium oxalate monohydrate was found by one of the following methods. 

1. Exactly known amounts of calcium in the form of calcium chloride 
solutions or of pure calcium carbonate were weighed out, and from this the 
weight of calcium oxalate was calculated (precipitates 2a, 2b, 8a, 8b, 9, 10, 
11,13, and 14 only). 

2. In most cases the calcium content was determined in the precipitates, 
after they had been dried to constant weight, by converting the oxalate to 
calcium sulfate and weighing as n\ch. By this procedure any coprecipi¬ 
tated ammonium oxalate or bioxalate was quantitatively removed, where¬ 
as all calcium present in the precipitate as calcium hydroxide or chloride 
was weighed as sulfate. In many cases the oxalate content of the dried 
precipitates was determined by dissolving a known part in warm dilute 
sulfuric acid and titrating with permanganate according to the standard 
procedure, using weight burets instead of ordinary burets, and correcting 
for the titration error by determining iodometrieally the slight excess of 
permanganate which was required for the color change. These oxalate 
determinations were accurate to at least 0.1 per cent. As shown by the 
results in table 2, the ratio of calcium to oxalate is as a rule not exactly 
equal to 100:100. Sometimes there is a slight excess of oxalate, owing to 
coprecipitation of ammonium oxalate or bioxalate or oxalic acid; the pre¬ 
cipitates obtained from neutral or ammoniacal solutions are usually 
deficient in oxalate because of coprecipitation of hydroxyl ions in the form 
of calcium hydroxide. These coprecipitations will be discussed more 
extensively in following papers. From the above it is evident that the 
difference between the “theoretical weight” of calcium oxalate and weight 
II does not give the exact amount of occluded water, even if the latter were 
entirely removed by drying at 100°C. to 110°C. Nevertheless, these devia¬ 
tions are reported in table 2, since these data are of greater analytical 
significance than those referring to the exact amount of occluded water. 

The water of hygroscopicity was found by exposing the precipitates 
which had been dried to constant weight at 100-110°C. to air or to an 
atmosphere of constant humidity (the same as before the heating) until 
constant weight was obtained (weight III). The difference between 
weight I and weight II gives the hygroscopic water, which should be the 
same as that found from weights III and II, in case the adsorption of 
water is reversible and no higher hydrate is formed. It will be seen that 
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within reasonable limits this water of adsorption can be reversibly removed 
and taken up. The rehydration takes place fairly rapidly; the weight of 
the dried precipitates was practically constant after twenty-four hours in 
most cases. By special experiments it was shown that the hygroscopic 
character is very strongly pronounced at low humidities; the hygroscopic 
water content did not materially change at relative water vapor tensions 
between 25 and 50 per cent. 

EXPLANATION OF TABLE 2 

In the third column the approximate average crystal size of the precipi¬ 
tate is given; in the fourth, the ratio calcium:oxalate as experimentally 
determined. The fifth column gives the difference in weight between the 
air-dried precipitate and the theoretical weight of calcium oxalate mono¬ 
hydrate (the relative humidity (= R. H.) of the air in all the experiments 
was within 25 to 60 per cent and is indicated in the table; R. //. = 29 per 
cent means that the drying was done over deliquescent calcium chloride 
crystals; R.H. = 57 per cent signifies that the drying was done over deli¬ 
quescent sodium bromide dihydrate at 25°C.). The figures occurring in 
parenthesis after the percentage deviations refer to the lime of drying in 
hours. The sixth, seventh, and eighth columns give the difference in 
weight between the dried precipitates and the theoretical. The last 
column in the table headed “Rehydrated” contains the deviations from 
the theoretical weights as obtained by exposing the precipitates dried at 
100-130°C. to a»r at relative humidities of 25 to 60 per cent at room tem¬ 
perature and weighing when equilibrium was attained. Such treatment 
restores most, if not all, of the hygroscopic water lost by heating. 

In table 3 the hygroscopic, or reversible, water of the various calcium 
oxalate precipitates has been given. The data presented in this table have 
been drawn from table 1 as well as from table 2 as indicated by the num¬ 
bering of the precipitates. (I refers to table 1, II to table 2). The 
hygroscopic water was determined by obtaining the weight of the precipi¬ 
tate heated to 105°C., and then placing the precipitate over a saturated 
solution of calcium chloride hexahydrate or in some other atmosphere of 
humidity between 25 and 50 per cent, and reweighing after constant weight 
had been attained. The increase in weight is the amount of hygroscopic 
water in the precipitate. 

In some cases the non-reversible water of the precipitate is also given. 
The amount of non-reversible water was obtained by weighing the precipi¬ 
tate kept over calcium chloride hexahydrate before and after drying at 
105°C. (weight I-weight III). The weight of water not recovered after 
heating has been called the non-reversible water. 



TABLE 3 

Hygroscopic water of calcium oxalate monohydrate 
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DISCUSSION OF RESULTS 

1. Calcium oxalate monohydrate, no matter how precipitated, always 
contains excess water after drying in the air (relative humidity 25 to 60 
per cent) at room temperature. On heating to 100°C. and above, part or 
sometimes all of this is lost, but nearly all is regained if the dried precipitate 
is allowed to stand in the air. The water lost on heating, therefore, is 
mostly hygroscopic water. This water can be reversibly taken up and 
removed. This process, however, is not strictly reversible on account of 
internal structural changes taking place in the crystalline precipitates on 
a gi n 8 (vide infra); but over a short period of time the reversibility of the 
adsorption of water seems fairly well established. 

2. The presence of small amounts of impurities (coprecipitated foreign 
ions) in the calcium oxalate does not seem to affect the hygroscopicity of 
the precipitate. Precipitates formed from solutions in which oxalate has 
been in excess during the precipitation are usually slightly more hygro¬ 
scopic than those formed in the presence of excess calcium ions. This 
also proves that the hygroscopicity of calcium oxalate is not primarily due 
to coprecipitated calcium hydroxide. 

3. The monohydrate sometimes decomposes on continued drying at 
115-125°C. by losing monohydrate water. The decomposition is generally 
slow and usually does not begin until the precipitate has been heated for 
some time. The loss of monohydrate water seems to be limited to pre¬ 
cipitates formed in neutral or ammoniacal solutions, especially at 100°C., 
i.e., to those precipitates which have occluded calcium hydroxide or basic 
oxalate. 

4. Precipitates formed from approximately 0.1 AT solutions are fairly 
hygroscopic and contain in the air-dry state 1 to 1.8 per cent of adsorbed 
water. The hygroscopicity decreases with time of standing (especially at 
higher temperatures) before filtration, owing to recrystallization of small 
particles to larger ones and partly to internal perfecting of the crystals, 
by which process the internal surface is decreased. The distinct decrease 
of hygroscopicity after digestion in the mother liquor is clearly demon¬ 
strated by the results of experiments II 2ba to II 33; the phenomenon is of 
great analytical significance. Precipitates prepared under the worst 
analytical conditions, viz., at room temperature from fairly concentrated 
solutions, and which retain about 1.5 per cent water in the air-dry state 
if filtered immediately after the precipitation, contain only 0.1 to 0.3 per 
cent of water of hygroscopicity if digested at 90-1CKPC. for a day before 
filtration. If the precipitation is made at room temperature jrom about 
0.1 N solutions slightly acid (acetic acid, or acetate buffer, pH 4-6) and if 
the precipitate thus obtained is digested in the mother liquor for at least 20 
hours at a temperature of approximately 90°C. t then a product is obtained 
which in the air-dry state contains 0.1 to 0.3 per cent of adsorbed water and in 
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which the ratio of calcium to oxalate is almost equal to the theoretical (100:100.1 
to 100.2) (experiment II 32, 33). In a study of the coprecipitation of 
foreign ions with calcium oxalate (to be described in following papers), 
it was found that the purest precipitate is obtained under exactly the same 
conditions. Precipitation of calcium oxalate from relatively concentrated 
solutions at room temperature followed by digestion , therefore seems to be the 
best procedure from the analytical point of view in spite of the fact that the 
precipitate is of relatively small size and as a rule cannot be filtered as rapidly 
as one obtained under ordinary analytical conditions . 

5. A distinct decrease in hygroscopicity is even noticed on the aging of 
air-dry crystals (experiments I lb; II 4, 5; I 6b, c, d; I 10; II13), enough 
water apparently being present in the interior of the crystals to allow 
internal structural changes to take place and thus cause a perfection of the 
crystalline precipitate, by which the porosity of the crystals appears to 
decrease. From the various examples given in the tables it is evident 
that a great deal of the adsorbed water is present at the walls of the capil¬ 
laries in the interior of the crystals. As long as these canals remain in 
open communication with the exterior, the process of adsorption and de¬ 
sorption will be reversible. If during the process of inner perfection of the 
crystals the capillaries are all filled by the constituents of the precipitate 
itself, all the water in the interior of the crystals will be driven out. On 
the other hand, if dams or similar obstructions are formed in the capillaries, 
the hygroscopic character will decrease, but the water inside the dams will 
no longer be in communication with the exterior of the crystal and will 
remain in the inside as occluded water; the latter will be driven out only at 
high temperatures. From a preliminary study of the internal structural 
changes taking place in a fresh precipitate, to be described later, it was 
inferred that the process of “dam-formation” may be quite general, thus 
explaining why occluded water and coprecipitated foreign ions adsorbed 
during the growth of the crystals are only partly removed by digesting 
fairly coarse crystals after precipitation. A more thorough study of the 
behavior of occluded water under various conditions will be made in the 
future; calcium oxalate is not a suitable substance for such an investiga¬ 
tion, since it already contains one molecule of water of crystallization and 
under certain conditions forms higher hydrates. The tremendous purifica¬ 
tion taking place during the digestion of calcium oxalate formed at room 
temperature from relatively concentrated solutions may be a more or less 
specific case, since a transformation of the higher hydrates and an entire 
recrystallization takes place on digestion. 

6. Calcium oxalate formed at 100°C. more or less under analytical 
conditions, is strongly hygroscopic (1 to 1.5 per cent water adsorbed) if 
collected soon after the precipitation. On aging in contact with the mother 
liquor, or in the dry state, its hygroscopicity decreases three to four times, 
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but is higher than that obtained by digesting a precipitate formed in the 
cold. The phenomenon described under paragraph 5 explains this differ¬ 
ence. That the original hygroscopicity is mainly due to the large internal 
surface is clearly demonstrated by the results of experiments in which the 
precipitation was made slowly at 100°C. from neutral or weakly acid solu¬ 
tions. The air-dry precipitate still contains about 1 per cent of water of 
hygroscopicity (I 7, 8, 9; II 16, 17, 18), although fairly coarse particles of 
calcium oxalate are formed. The same holds for a precipitate prepared at 
room temperature according to Hahn's procedure (precipitation from ex¬ 
tremely dilute solutions). In spite of the fact that the crystal size is of 
the order of 1 to 4 microns the air-dry crystals still contain 1.5 to 1.8 
per cont of water; on aging at room temperature, even in the dry state, the 
hygroscopic water content decreases three- to four-fold (experiments I 
12d, 13a, 13b; II 20). Precipitates obtained according to Hahn's pro¬ 
cedure in the presence of 30 to 40 per cent alcohol are strongly hygroscopic 
(I 19). On the other hand, if the precipitation is carried out at 100°C. 
according to Hahn, the crystals are only slightly hygroscopic (0.1 to 0.4 
per cent of adsorbed water; experiments I 14, 15, 16, 17, 19; II 22, 23, 24, 
25). 

7. From the figures in table 2 under the heading “Deviation in per cent 
from calculated weight of calcium oxalate" it is evident that calcium oxa¬ 
late even after drying at 110°C. is not an ideal weighing form for calcium. 
High results (indicated by +) must be attributed to occluded water and 
coprecipitated alkali oxalates or bioxalates, in cases where the ratio cal¬ 
cium : oxalate is smaller than 1.000. Low results may be obtained if 
there is a hydroxyl coprecipitation (calcium: oxalate larger than 1.000), 
although a compensation of errors takes place on account of the presence of 
occluded water. 

From the analytical point of view it is gratifying to find that almost 
theoretical results (within 0.1 per cent) are obtained if calcium oxalate is 
precipitated at room temperature from not too dilute, weakly acid solutions 
and digested for twenty hours before filtration. Since such precipitates 
are virtually free from coprccipitated substances and not very hygroscopic, 
this procedure seems to be by far the best for the precipitation of calcium 
oxalate under analytical conditions. The analytical part of this study 
will be described elsewhere. 


SUMMARY 

1. Calcium oxalate precipitated at room temperature from approxi¬ 
mately 0.1 N calcium solutions contains trihydrate. Oxalate promotes the 
transformation of the higher hydrates into the monohydrate more than 
calcium does. In any case this transformation is complete if the pre¬ 
cipitate is allowed to stand in contact with the mother liquor at room 
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temperature for a day or longer, and takes place much more rapidly at 
higher temperatures. The dry higher hydrates are slowly transformed into 
the monohydrate at room temperature, if kept at a relative humidity of 
25 to 60 per cent. At 100°C. the higher hydrates are quickly transformed 
into the monohydrate. The monohydrate alone is formed if the pre¬ 
cipitations are made in hot solutions. 

2. An extensive study has been made of the hygroscopic character of 
calcium oxalate prepared under various conditions. Calcium oxalate, no 
matter how precipitated, always contains excess water after drying in the 
air. The process of adsorption and desorption of water is fairly, but not 
strictly, reversible on account of internal structural changes taking place 
in a fresh precipitate on standing. 

3. A great deal of the adsorbed water is present at the walls of internal 
capillaries in the crystals. On aging under the mother liquor, or more 
slowly in the air-dry state, a decrease in the amount of hygroscopic water 
is generally noticed. This may be explained by an internal perfection 
of the crystals on aging, which partly fills up the canals with constituents 
of the precipitate itself, and mainly by blocking up the canals. In the 
latter case part of the water remains in the occluded state and is only re¬ 
moved at high temperatures. 

4. Calcium oxalate monohydrate, even after drying at 110°C., is not an 
ideal weighing form for calcium. The purest, and only slightly hygro¬ 
scopic, calcium oxalate is obtained if the precipitation is made in rela¬ 
tively concentrated solutions, and the mixture is digested for about twenty 
hours at 90°C. before filtration. During this process a complete trans¬ 
formation of the higher hydrates and an entire recrystallization of the 
precipitate takes place. 

5. Calcium oxalate monohydrate sometimes decomposes on prolonged 
drying at 115-125°C. with loss of water of hydration. This loss of water 
of crystallization seems to be limited to precipitates formed in neutral or 
ammoniacal solutions, especially at 100°C., i.e., to those precipitates which 
contain occluded calcium hydroxide or basic oxalate. 
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PURPOSES OF THE INVESTIGATION 

During studies of electrolysis of beryllium salts in non-aqueous solvents, 
Booth and Torrey (1) discovered that cold beryllium acetylacetonate 
rapidly absorbed sulfur dioxide to form a liquid. The sulfur dioxide could 
be boiled off by gentle warming and recondensed, dissolving the beryllium 
compound as frequently as desired without any apparent change in the 
beryllium acetylacetonate. A sample of the sulfur dioxide beryllium 
acetylacetonate solution containing some crystals was sealed off in a test 
tube and has remained unchanged for the last eight years. 

The remarkable absorbing power of this beryllium compound imme¬ 
diately suggested to the discoverers that, in the first place, the study of this 
reaction might yield information of interest, since it apparently repre¬ 
sented a novel type of reaction, possibly a general one, with metallic 
compounds containing a C:0 grouping. The second point is of course 
the possible application of this reaction to the development of an absorp¬ 
tion type refrigerator. 


HISTORICAL DISCUSSION 

If, as Booth and Torrey thought, the reaction of sulfur dioxide on beryl¬ 
lium acetylacetonate was completely reversible, it would seem probable 
that the compound formed was of the so-called molecular compound type 
analogous to hydrates. In other words, the sulfur dioxide was absorbed as 
sulfur dioxide of crystallization. The question may be raised at once as 
to whether the absorption of sulfur dioxide is a function of the beryllium or 
of the organic part of the compound. 

A search of the literature reveals no study of the action of sulfur dioxide 
on beryllium compounds, but certain reactions of sulfur dioxide on organic 
compounds have been studied. 

H. 0. Schulze (2) found that acetone absorbed a little less than two 
moles of sulfur dioxide per mole of acetone at 0°C. Boessneck (3) passed 
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sulfur dioxide into acetone and found the gas to be absorbed with the 
evolution of considerable heat. He proposed the formula 

CHj\ /O—S 

X i 

ch/ x o—o 

for this liquid compound. On heating it he found that it decomposed into 
its constituents. Apparently no one has studied this system precisely. 
Bellucci and Grassi (4) found that sulfur dioxide forms two compounds 
with camphor (a ketone of higher molecular weight), namely, (1) S0 2 CioHiaO f 
m.p. — 45°C., and (2) 2S0 2 .CioHi 6 0, m.p. — 24°C. Very little else has been 
done with the reactions of sulfur dioxide and ketones. 


PLAN OF INVESTIGATION 

It was thought that a study of the pressure-concentration relations in 
this system, at constant temperature, would best establish the nature of 
the reaction. This study would show: first, the solubility of the compound 
formed in liquid sulfur dioxide; second, the number of moles of sulfur 
dioxide reacting with one mole of the compound; third, the vapor pressure 
of the compound formed; fourth, the vapor pressure of the mixed salt and 
compound formed. 

In order to determine whether it was a function of the beryllium or of 
other groups in the compound, other beryllium compounds were prepared 
and tested—such as beryllium basic acetate, beryllium ethyl acetoacetate, 
etc. Acetylacetone exists as an equilibrium mixture of the enol form and 
of the keto form, and the beryllium compound is probably 

H O 

I ii 

CHj—C : C—C—CII, 

I 

O 

I 

Be or 

l 

o 

I 

CH 3 —C : C—C—CH, 


(Sidgwick) 
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There are two carbonyl groups still free through which the sulfur dioxide 
may react, or the sulfur dioxide may combine owing to the double bonds. 

o see whether other similar enol-keto compounds were reactive with 
sulfur dioxide, beryllium ethyl acetoacetate and beryllium benzoylaceto- 
nate were tried. To check up on the importance of carbonyl groups in 
the reaction, such a compound as beryllium basic acetate, which contains 
both beryllium and carbonyl groups, was studied and also certain organic 
compounds such as benzophenone, urea, acetamide, etc., containing car¬ 
bonyl groups but no beryllium. 

The effect of replacing beryllium by sodium, magnesium, and aluminum, 
etc., was then tried, as well as a number of other salts of organic acids. 

PREPARATION OF COMPOUNDS 

The beryllium acetylacetonate, beryllium ethyl acetoacetate, beryllium 
basic acetate, beryllium benzoylacetonate and sodium acetylacetonate, 
were prepared in the course of study of the organic salts of beryllium (5). 
Compounds prepared in a similar manner were magnesium ethyl aceto¬ 
acetate, magnesium acetylacetonate, and aluminum ethyl acetoacetate. 
Other compounds were from chemically pure material. 

* 

APPARATUS 

The apparatus consists of three essential parts: the gas purification 
system (6), the constant temperature bath, and the baro-burct for measuring 
gas volumes and pressures (see figure 1). The entire apparatus was con¬ 
structed of soda-lime glass fused together at all connections. 

The constant temperature bath consisted of a gallon capacity Dewar 
flask, in which was mounted a thermostat (T), lamp for heating, stirrer 
(S), thermometer, and reaction tube (V). The lamp was controlled by 
means of a mercury-xylene expansion thermostat through a suitable relay 
and maintained a constant bath temperature within db.001°C. 

The baro-buret was used because it measures accurately and simul¬ 
taneously pressure and volume in one instrument and thus cuts down the 
“dead space” from the buret to the reaction bulb to :• minimum (7). 

EXPERIMENTAL PROCEDURE 
Preliminary tests 

Before a system was studied a preliminary test was made in n sample 
bulb adjacent to the gas supply tank. Here the sample was placed in a 
suitable reaction bulb of about 5 cc. capacity and sulfur dioxide was con¬ 
densed on it to see if the sample would dissolve. Slight solubility was 
checked by evaporating separately the supernatant sulfur dioxide. The 
preliminary tests showed that at the boiling point of sulfur dioxide, the 



174 


HAROLD SIMMONS BOOTH AND VIRGIL D. SMILEY 


following compounds were insoluble in sulfur dioxide and apparently did 
not react with it: barium acetate, copper acetate, lead acetate, sodium 
acetate, sodium formate, ammonium oxalate, ammonium tartrate, alumi- 



Fig. 1 . Apparatus for Studying Absorption of Sulfur Dioxide by Organic 

Beryllium Compounds 

num ethyl acetoacetate, magnesium ethyl acetoacetate, sodium acetyl- 
acetonate. 

The following substances seemed to show slight solubility or slight reac¬ 
tion with liquid sulfur dioxide at its boiling point: beryllium benzoyl- 
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acetonale, magnesium acetylacetonate, benzophenone, urea. The urea 
seemed to swell in the liquid sulfur dioxide though it did not seem to 
dissolve. 

The following were quite soluble in boiling liquid sulfur dioxide: beryl¬ 
lium acetylacetonate, beryllium basic acetate, beryllium ethyl acetoacetate, 
acetamide. 


Course of a determination 

Sulfur dioxide was purified by fractional distillation a sufficient number 
of times to eliminate all impurities, usually by from eight to twelve dis¬ 
tillations. The chief impurities were sulfur trioxide and air. Finally, 
the remaining gas was solidified with liquid air and the system was evacu¬ 
ated to insure the removal of any residual gas other than sulfur dioxide, 
and the sulfur dioxide was then boiled into the storage reservoir. 

The sample of the compound to be tested was then weighed into the 
reaction tube (V) (figure 1), which was then sealed into position. 

The volume of the reaction bulb (V) connected to the baro-buret was 
next determined. The system was washed several times with dry, car¬ 
bon dioxide-free air and the mercury reservoir (R) was lowered, bringing 
into the^buret a sample of the dry carbon dioxide-free air. The stopcock 
(F) was then turned 180° connecting the baro-buret to the reaction bulb 
and a number of readings of volume at different pressures were made. 
From these readings the volume of the reaction tube (V) was calculated 
by means of the following formula: 

v _ W' 

P2 - Pi 

The apparatus was evacuated and all but the reaction tube was flushed 
out with sulfur dioxide several times. A sample of pure sulfur dioxide was 
then drawn into the baro-buret (K) and its volume and pressure observed 
and calculated to standard conditions. Connection was then made with 
the reaction bulb (V) by turning the stopcock 180°, and the pressure was 
increased by raising the mercury reservoir (It), compelling absorption of 
the sulfur dioxide. This was continued at increasing pressures until the 
compound had turned to a liquid or until all the sulfur dioxide was ab¬ 
sorbed that would be absorbed at the highest pressure attainable. 

If more than one buret full of gas was required the stopcock (F) was 
turned 180° to draw in a fresh supply of gas from the gas reservoir, the 
volume and pressure being observed before and after the addition of the 
fresh quantity. The bath was maintained at 25°C. db .001°C. 

When the reaction had come to equilibrium the pressure, temperature, 
and volume were read and the total amount of the sulfur dioxide absorbed 
by the sample was calculated. The mercury reservoir was lowered suffi- 
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ciently to diminish the pressure in the system about 2 cm.; after standing 
twenty-four hours to attain equilibrium, the pressure, volume, and tem¬ 
peratures were again observed. 

The amount of gas still combined with the sample was calculated by 
subtracting the total volume passed from the buret from the volume of 
the gas present in the buret and reaction bulb. This gave the amount of 

TABLE 1 


The system sulfur dioxide-beryllium acetylacelonate 


prpssure 

MOLES Ol SO] PER MOIE OP BERYLLIUM ACETYL- 
ACBTONATB 

103 80 

1 6600 

85 75 

1 3680 

75 90 

1 2090 

69 35 

1 0990 

59 35 

0 9620 

53 75 

0 8650 

57 10 

0 9110 

67 70 

0 1310 crystallized 

70 40 

0 1840 

72 25 

0 3660 

72 65 

0 4560 

72 86 

0 5120 

73 05 

0 5680 

73 40 

0 6500 

73 65 

0 7670 

73 65 

1 0270 

74 40 

1 1550 

78 50 

1 2490 

56 40 

0 9190 

54 95 

0 8940 

53 55 

0 8773 

51 20 

0 8355 

50 45 

0 8255 

73 70 

0 6015 crystallized 

62 55 

0 0980 

53 40 

0 0638 

41 40 

0 0568 

16 30 

0 0438 

7 40 

0 0378 


gas freed at each equilibrium, and from this the amount still held was 
readily calculated. 

This procedure was continued until the pressure reached zero. If the 
volume of the gas reached the capacity of the buret before the pressure 
reached zero, the stopcock (F) was turned 180°, exhausting most of the 
gas in the buret, and then the observations were continued as before. 
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RESULTS 

The data obtained are given in tables 1, 2, and 3, and plotted in figure 2. 

As the sulfur dioxide was forced into the reaction tube, there was a 
wetting of the compound on its surface; this became more pronounced as 
the pressure increased. Finally the entire compound assumed the liquid 
state, except in the case of beryllium ethyl acetoacetate, which changed 
first to a gel. As the pressure was reduced the compound remained in 
liquid state until the solution was considerably supersaturated when 
suddenly the liquid turned almost explosively to a white solid. This solid 

TABLE 2 


The system sulfur dioxide-beryllium ethyl acitoacetate 


PRE8SURE 

MOLFS OF SOf PER MOLE OF BERYLLIUM ETHYL 

At El OAf ETA IB 

132 15 

1 7820 

99 80 

1 8000 

97 15 

1 S300 

94 40 

1 S580 

89 05 

1 5570 

83 00 

1 7260 

79 22 

1 6020 

70 80 

1 5470 

67 80 

1 4290 

64 83 

1 16.30 

60 50 

1 2990 

59 00 

0 5676 

52 65 

0 3590 

44 90 

0 3100 


TABLE 3 

The system sulfur dioxide-phenyl benzoate 


112 85 
93 40 


MOIBB OP SO. PER MOIB OP I'HBMIfL BBNLOAT. 


0 0689 
(' 0397 


was the molecular compound with sulfur dioxide The compounds could 
change to liquid under pressure, give up sulfur dioxide, and change to a 
solid state as many times as desired. In fact they seemed to take up sulfur 

dioxide more freely after the first pumping. 

Beryllium acetylacetonate combined with one mole of sulfur dioxide 
and tois compound then dissolved in the sulfur dioxide gas forming a 
liquid. The portion of the curve (see figure 2) from pressures of 75 cm. to 
104 cm. is merely the vapor pressure curve for increasing dilution of this 
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compound dissolved in sulfur dioxide. On cooling, supersaturation is 
shown in the curve of beryllium acetylacetonate as a dotted line. The 
beryllium acetylacetonate solution could be supersaturated to the point 
where approximately only one-half mole of sulfur dioxide per mole of 
beryllium acetylacetonate was left in the cell. The vapor pressure of the 
compound Be(CH 3 C0CHC0CH3)2 S0 2 varies between 72 and 76 cm. 
and averages 73 cm. On carrying the pressure to zero, all the sulfur di¬ 
oxide was removed and the beryllium acetylacetonate was found to be 
unchanged. 



Fig 2 Absorption of Sulfur Dioxide by Organic; Beryllium Compounds 


In the case of beryllium ethyl acetoacetate quite a different condition 
was found. Instead of combining and forming a true solution, apparently 
a colloidal solution was formed, since on pumping off the sulfur dioxide 
during the determination, the liquid first became viscous and then set to 
a gel. This gel remained quite stable at pressures from 132 cm. down to 
60 cm. Finally after pumping off sulfur dioxide at a pressure of 69 cm., 
the gel suddenly decrepitated leaving a fine powder. The gel formation 
hindered the free loss of sulfur dioxide and so gave a rather irregular set 
of points on the upper slope of the curve, although the points are uniformly 
placed on the horizontal part. The authors restudied this system three 
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times over a period of eight months, without being able to improve the 
irregularity of these points. This is probably a hysteresis phenomenon 
(8, 9) due to variation of the capillary pore size as the sulfur dioxide of 
the gel leaves the solid Be(CH 3 C0CHC0 0C 2 H 6 )2S0 2 structure. This 
is also suggested by the sudden collapse of the gel on further removal of 
the sulfur dioxide. The phenomenon may be further complicated by 
solubility of the compound in the sulfur dioxide. However, the curve 
shows a general shape similar to the other and the gel reverted to the 
solid state, showing an approximate composition of 1.0 mole of sulfur 
dioxide per mole of compound. The vapor pressure of this compound, 
Be(CH 3 COCHOO • (X ',H 6 )« • S0 2 , averages 80 cm. 

The phenyl benzoate absorbed so little sulfur dioxide that the curve 
showed plainly that it was merely an adsorption curve; since its further 
study would contribute nothing it was discontinued. 

CONCLUSION 

It has been established that sulfur dioxide forms addition compounds 
with beryllium acetylacetonate and beryllium ethyl acetoacetate. In 
attempting to explain the addition of sulfur dioxide to these compounds 
several possibilities may be considered. Any rearrangement that is in¬ 
volved must be an easily reversible one; this seems to preclude the possi¬ 
bility of oxidation or reduction. These compounds are apparently of the 
so-called molecular compound type analogous to the hydrates. Both 
beryllium acetylacetonate and ethyl acetoacetate formed additive com¬ 
pounds containing one mole of sulfur dioxide to one of the compound. 
That the addition of sulfur dioxide is not a function of the beryllium alone 
is suggested by the fact that both Schulze and Boessneck (2,3) showed that 
acetone formed an additive compound with sulfur dioxide. However, the 
organic compounds formed in which sodium and aluminum replace the 
beryllium apparently do not react with sulfur dioxide- at least below two 
atmospheres pressure, though the magnesium acetylacetonate shows slight 
solubility or reaction. These latter compounds are probably more polar 
than the corresponding beryllium compounds, while the beryllium atom 
does not change the essentially non-polar character of the original organic 
compound. The reaction may be analogous to hydration where one of the 
bonds of the oxygen is opened, permitting the addition of (OH) and (H) 
thus: 

OH 

n / 

\ \ 

O OH 
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which by analogy in the case of sulfur dioxide would be: 

H 


O 


/ \ 

R \ / 8 "° 


O 


CH 8 —0=C—C—CH S 

I |\ 


o 


o 

\ 


Be 0-S=0 


OHO 


CH S —C—C—C—CHj 


On this basis, however, one wonders why another sulfur dioxide mole¬ 
cule is not taken up by the other =CO group. 

An arrangement such as the following in which both =CO groups are 
involved is unorthodox, since it produces a twelve-membered ring of which 
other examples are practically unknown; furthermore the sulfur dioxide 
compound should be more stable if this were its structure: 

II 

I 

ch 8 —c=c—c—ch 8 

I / \ 

0 0 o 

I \ / 

Be S 

I / \ 

0 0 o 

I \/ 

CH 3 — 0=~C —C—CH 3 

I 

H 

The fact that only beryllium chelate compounds, beryllium acetylace- 
tonate, beryllium ethyl acetoacetate, and beryllium basic acetate react 
with sulfur dioxide readily would suggest that the reaction took place via 
the atom of beryllium were it not for the fact that magnesium acetyl- 
acetonate also reacts to a certain extent, and that acetone itself reacts 
readily. 

It will be remembered that liquid sulfur dioxide is an excellent solvent 
for non-polar compounds in general, particularly esters and fats, in which 
of course there is a =C0 group. It may be that the character of the beryl¬ 
lium in these chelate compounds is sufficiently negative so that they behave 
towards sulfur dioxide exactly like such non-polar compounds as the fats, 
which contain no metals. In a former paper (10) it was reported that the 
hydrolysis of beryllium basic acetate was very slow and difficult, in- 
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dicating extremely slight ionization to yield Be _H ' ions and that the beryl¬ 
lium was acting in a r61e not unlike that of carbon itself. 

The evidence seems to point to the formation here of molecular com¬ 
pounds as a function of the carbonyl group of compounds in which the 
metal present does not diminish the non-polar character of the organic com¬ 
pound. It would be interesting to test boron chelate compounds with 
sulfur dioxide if they could be prepared. They should react in a similar 
fashion, though this would be complicated by the known characteristic of 
boron compounds to form molecular compounds. 

SUMMARY 

1. The systems sulfur dioxide-beryllium acetylacetonate and sulfur 
dioxide-beryllium ethyl acetoacetate have been studied at 25°C. It is 
found that these beryllium compounds combine in the ratio of one mole 
of compound to one mole of sulfur dioxide. 

2. The vapor pressure of the compound Be(CHsCOCHCOCHa)* • 
S0 2 averages 73 cm. and that of the compound Be(CH 3 COCHCO OCaH#^ • 
S0 2 averages 60 cm. 

3. The nature of these compounds and their possible structure is dis¬ 
cussed. 

4. The baro-buret is found to be a valuable tool in studying gas-solid 
equilibria. 
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It has long been known that there are marked abnormalities in the freez¬ 
ing points of many binary mixtures near the eutectic composition, but it has 
never been shown definitely whether they are inherent in the system or 
whether they are merely apparent abnormalities due to experimental error. 
If, however, one were to study by the usual approximate method a nearly 
ideal system for which the accurate data are available, a comparison of the 
corresponding freezing point-composition diagrams should disclose some 
interesting facts, since all the differences would be due to experimental 


error. 

Most of the temperature-composition diagrams in the literature have 
been constructed by the use of the Beckmann method, which consists 
essentially in cooling the melt lx>low the freezing point, inoculating with 
the proper kind of crystal, stirring, and noting the maximum temperature 
to which the thermometer rises. The freezing points so obtained are 
usually low, owing mainly to two causes: (1) the change in the composition 
of the liquid due to the solid frozen out, and (2) the thermometer lag. 
The errors thus involved increase as the eutectic is approached. In many 
cases the eutectic point itself is not experimentally determined but is 
obtained by extrapolation of the two branches of the curve. 

This investigation had for its purpose the study of the nature and the 
possible magnitudes of the effects due to such inaccuracies on the freezing 
point-composition diagram, the calculated heats of solution, and on the 
conclusions drawn as to the ideality of the system. The system ft-chlorocro- 
tonic acid-/ 3 -chloroisocrotonic acid, for which the accurate freezing point 


, Du Pont Fellow at Yale University, 1924-1925. Present address Trinity College, 

This error mayundoubtedly be quite considerable and the tact that in tin system 
here studied it was eliminated, partially counterbalances the fact that our other 
, .lidiheratelv enhanced Another cause of low freezing point results is the 
use of too little undercooling. Since this has been repeatedly discussed (see, for 
use oi t Luther Hand- und Hilfsbuch zur Ausfuhrung physikochemischer 

rygj' S „d h„. I-.- eliminated in .hi. „o,h. it .III net he eon- 

sidered here. 
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and heat content data have recently been published (1), affords an excellent 
opportunity for a study of this kind. The results obtained show that the 
eutectic composition as well as the eutectic temperature is affected by the 
usual inaccuracies of the data. Other causes of error near the eutectic 
point are pointed out by means of cooling curves. 

EXPERIMENTAL 

The freezing point method used was one which exaggerated the error due 
to the separation of the solid, but which practically eliminated the error due 
to the lag in the thermometer registration. 

Apparatus 

The apparatus used was the inner part of the cooling curve apparatus 
previously described (1). It consisted essentially of a small thin-walled 
glass tube, 6 mm. in diameter, containing the sample (0.7 to 1.0 gram) into 
which a thermoelement, protected by a thin-walled capillary glass sheath, 
was inserted through a stopper. This stopper was provided with another 
small opening through which the undercooled melt could be inoculated 
by introducing the proper crystals on the end of a glass thread. The 
thermoelement used was the same as that used in the accurate construction 
of the diagram for this system. 


Procedure 

The freezing point determinations for this system were made as follows. 
A known weight of the component A was placed in the freezing point tube 
and a small amount of component B was then weighed in by difference 
without removing the thermoelement. After the mixture was made 
homogeneous by melting completely and stirring, the freezing point was 
found by allowing the system to cool in the air (without any shield), seeding 
at the proper time, stirring, and noting the maximum to which the tem¬ 
perature rose. This was repeated with various degrees of undercooling 
and the highest maximum obtained was taken as the freezing point for that 
composition. A little more of substance B was then weighed into the tube 
and a new determination made. The error in composition is thus cumu¬ 
lative but is estimated to have been at all times less than 0.3 per cent. 

Materials 

The synthesis and purification of the two acids has been described (1). 

The experimental results 

The data obtained by the present method are given in table 1. JV is the 
mole fraction in the liquid of the form crystallizing at the freezing point, 
t° C., T° K; t f is the true freezing point obtained by interpolation of the 
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experimentally correct 3 data for the system. These data are plotted in 
figures 1 and 2. 

The following facts should be noted: 

From the temperature-composition diagram, figure 1, it is obvious that 
the values obtained by the rough method are all lower than those accurately 
determined. Further, it is apparent that the deviations become increas¬ 
ingly greater as the eutectic is approached and that the eutectic point is 
shifted by these inaccuracies not only along the temperature axis but also 

TABLE 1 


Experimental frn zing point data for the system tf-chlorocrotonic acid - 
tf-chloroisocr atonic acid 


N 

1 + log N 

t 

1000 

T 

r 

f - t 

/9-chlorocrotonic acid branch 

1 000 

1 0000 

93 6 

2 727 

93 6 

0 0 

0 475 

0 6767 

55 5 

3 043 

59 1 

3 6 

0 434 

0 6375 

52 4 

3 072 

55 4 

3 0 

0 389 

0 5900 

47 0 

3 124 

50 9 

3 9 

0 350" 

0 5440 

41 1 

3 183 

46 8 

5 7 

/3-chloroisocrotonic acid branch 

1 0000 

1 0000 

60 5 

2 998 

60 5 

0 0 

0 9555 

0 9802 

57 8 

3 022 

57 9 

0 1 

0 9271 

0 9671 

56 0 

3 038 

56 3 

0 3 

0 9077 

0 9579 

54 8 

3 049 

55 2 

0 4 

0 889 

0 9489 

53 9 

3 058 

54 2 

0 3 

0 840 

0 9243 

50 7 

3 088 

51 3 

0 6 

0 810 

0 9085 

48 5 

3 109 

49 5 

1 0 

0 788 

0 8965 

, 46 9 

3 125 

48 1 

1 2 

0 750 

0 8751 

44 1 

3 153 

45 7 

1 6 

0 725 

0 8603 

42 3 

3 171 

44 1 

1 8 

0 706 

0 8488 

41 3 

3 181 

42 8 

1 5 


Eutectic point by extrapolation = 38 9°C. 


along the composition axis, the extrapolated temperature being about 
38.9°C. instead of 41.5°C., and the per cent of 0-chlorocrotonic acid being 
about 33.2 instead of 30.8. 

From the plot of (1 + log N) against figure 2, it is seen that a 

straight line may be drawn through the inaccurate data in such a way that 

* With a maximum error of 0.25°C. near the eutectic point. 
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the greatest deviation corresponds to only about 0.5°C. The heats of 
solution calculated from the slopes of these lines by means of the ideal 
freezing point-solubility equation are 4970 and 3940, as compared with the 
values 5220 and 4120 calories per mole calculated from the accurate lines 
for the 0-chlorocrotonic and the /3-chloroisocrotonic acid respectively. It 



Molt fraction (3* cklorocrotoTue actd 

Fig. 1. Freezing Point-Composition Diagram of the System, 0-Chlorocrotonic 
Actd-0-Chloroisocrotonic Acid 

Dots represent accurate freezing points; circles represent rough freezing points 

is further apparent that the points near the eutectic show a tendency to fall 
off gradually, especially on the /S-chlorocrotonic acid branch where the 
eutectic composition is considerably removed from the pure substance. 
If curved lines be drawn through the points and the heats of solution 
calculated from their initial slopes, the error would obviously be lessened. 
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DISCUSSION 

There are several possible reasons for the increased deviations near the 
eutectic point which should be pointed out since, to the best of our knowl¬ 
edge, this situation has never been carefully analyzed. 

(1) It can be shown that for purely mathematical reasons the error in 



Dots represent values calculated from accurate freezing points; circles represent 
values calculated from rough freezing points. Upper curves are for /0-chloro- 
crotonic acid; lower curves are for 0-chloroisocrotonic acid. 


the mole fraction caused by the freezing of a given fraction of a com¬ 
ponent of a binary solution increases with the mole fraction of the added 
component until the two mole fractions are about equal. Let n a and 
n B be the number of moles of A and B respectively in a binary solution 
and let a be the number of moles and x =» a/n\, the fraction of A crystal- 
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lized from this solution in a freezing point determination. Let N A and N B 
be the mole fractions of A and B, respectively, in solution before crystalliza¬ 
tion and N' a and N' B be the corresponding quantities after a moles of A 
have been crystallized. Then 


Atf A = K - * A 


- aN, 


B 


»a + n n - u 


- 

1 - xN k 


- * n a*b 


( 1 ) 


Differentiating, we obtain 


(z aN a) ~ 

- * N B i 


- *n Z~ xN a) 

0 - ** A )’ 


- *W A ~ n b) 


( 2 ) 


From the approximate derivative the change in composition reaches a 
maximum when N\ = N B . From the accurate derivative the maximum 


is reached when N\ = - 


l - vT~ 


Thus when x = 0.01 the maximum 


occurs at N B = 0.4987. 4 

(2) The general shape of the freezing point-composition diagram adds 
another source of error. Suppose the error mentioned in (1) be made uni¬ 
form and small by keeping AN a constant throughout the range of concen¬ 
tration, that is, by decreasing the value of x as we approach the eutectic so 
as to satisfy equation 1. The error would still usually increase owing to the 
fact that the change in freezing point for a given change in composition 
also commonly increases as the eutectic point is approached. This is 
obvious from the fact that the freezing point-composition lines are ordi¬ 
narily curved downward. For the ideal solution at constant pressure this 
follows from the well-known equation, 


d T RT _ RT 2 

dN A = N a AS A ~ N a AH a 


where, at temperature T, N A is the mole fraction in solution, A S A is the 
molal entropy of fusion, A II A the molal heat of fusion of the component 
crystallizing, and s is the slope of the freezing point-solubility curve. 
Differentiating we obtain, 


d 8 

df 


*A^A I-™ 




RACp A 

- 


T 



R T&Cp A ~ 


(4) 


where ACp\ is the molal increase in heat capacity of pure A on fusion. 
Hence whenever 2 R < 


Ml 


A + s increases with fall in tempera- 




4 It is thus obviously true that for a certain definite amount of component A 
crystallizing from a solution, the error in composition so caused increases as the eutec¬ 
tic point is approached. 
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ture. This is the usual case. If AH a is independent of T then the slope 
must increase as T decreases whenever 5 


It also follows that the slope changes with temperature in the converse 
manner whenever A S A is less than 2/f, 3.97 calories or 16.63 joules per 
degree per mole, and will remain constant if AS a = 2 R entropy units per 
mole. Thus the solubility in an ideal binary system may start with a 
positive value of s f pass through an inflection point and approach the 
eutectic point with a negative value of This may even happen when 
AH a is independent of T and A Cp A is zero, for although A S A is then inde¬ 
pendent of T alone it is a function of N\ which decreases with temperature 
and consequently A*S a actually increases as T decreases. This follows 
from the relation, valid at constant pressure, 

das = - ( ^ d T - «d In N 


It also follows directly from the definitional relation between A*S a , A II A 
and T t Values of the increase in s with falling temperature calculated by 
means of equation 4 agree satisfactorily with those determined by us for 
the system composed of the two /3-chlorocrotonic acids. 

For most of the substances for which apparently reliable direct calori¬ 
metric data are given, and especially for organic compounds, the molal 
entropies of fusion at the freezing points exceed 2 R. The comparatively 
few exceptions which we have noticed are hydrogen bromide (one crystal¬ 
line form), hydrogen chloride, hydrogen iodide, pyrosulfuric acid, nitric 
acid, silver bromide, strontium chloride, sodium hydroxide, potassium 
hydroxide, rubidium hydroxide, cesium hydroxide, carbon tetrachloride, 
methane, methanol, cyclohexane, cyclohexanol, and 1,4-dihydronaphtha- 
lene. The elements comprise the largest list of exceptions. Indeed, all 
the elements for which we have data have entropies of fusion at their 
melting points which are less than 2 II per formula weight, except chlorine, 
bromine, bismuth, gallium, and antimony. 

There are a few substantially ideal 6 binary systems in which one compo- 


* This relation for the special case where A//a is constant has been developed in a 
somewhat different manner by van Laar (Proc. Acad. Sc*. Amsterdam 5, II, 424 
(1903)). 

• The criterion of ideality used is that 


A// a 


-2.303 H 


djogV A 
d (1/T) 


where A H is the calorimetrically measured molal heat of fusion of component A, the 
solvent. Strictly, this heat of fusion should be taken at temperature T, but in many 
cases it can only be evaluated at the melting point. 
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nent is one of the substances listed above. These systems bear out, at least 
qualitatively, the relations demanded by equation 4. For example, from 
the heat data of Latimer (2), the slope of the T—N curve for carbon tetra¬ 
chloride should decrease with falling temperature until the transition tem¬ 
perature is reached and then increase. Judging from the data of Biltz and 
Meinecke (3), this is exactly what happens when chlorine is the solute. 
The same condition should exist for cyclohexane (4) and is actually realized 
in the binary system with methyl cyclohexane (5). 

The combined effect of the above two sources of error upon the observed 
freezing point of an ideal binary solution can be calculated from equation 
3 integrated assuming AH a to be independent of T . Then, in general, 




and 


- AT = T - T = ; 


Atf A - RT a In N x 




ln- 


N A 


(A// a - RT a In JV A ) (A H a - RT a In N' a ) N' a 


(5) 


( 6 ) 


in which T A is the freezing point of pure A; T is the true, T' the observed 
freezing point of the solution; — A T is the lowering of the freezing point of 
the solution caused by the crystallization of some of component A; the other 
terms have the same significance as before. Since N\ would be nearly 
equal to iV A in any properly conducted experiment, 


hence, 


Ns 


Ns 


1 /x . /v , 

ln 7,r = 7,T - 1 


N 


N\ 


-A T = 


RT\ A// a 


(A// a - RT a In N A y 1 - * 


Nr, 


(7) 


Thus for an ideal solution of a given composition the error in freezing point 
due to crystallization is directly proportional to x provided this is small 
compared to unity. 

Upon differentiating equation 7 we obtain, 


d (- A T ) ^ 1PT * A Aff A x AT/a _ . N _ 

. aat b i (AH A - rt a ln N A y 1 - X Lftr A n A n a _ 


( 8 ) 


Whether the error in T increases, remains constant, or decreases with Nb 
is then determined by whether 



-lnAT A 


£ 


2N b 

n a 
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Thus the entropy of fusion at the freezing point and the mole fraction are 
the determining factors. The entropy of fusion of many organic com¬ 
pounds is about 13 calories per degree per mole (6). A substance with this 
entropy of fusion will show an increase in ( — AT) with iV B until the latter 
reaches 0.8; while if its entropy of fusion is as low as 2.6 it will show an 
increase in (— AT) up to N B = 0.5. Hence, if the eutectic composition 
is not too near that of either pure component (B in this case) it is fair to 
assume that as component B is continuously added to a fixed amount of 
A and the amount of A crystallized is kept constant the error in the freezing 
point will usually continuously increase until the eutectic is reached. This 
would also be the case for varying amounts of A if the fraction removed 
each time were kept constant. For example, in the case of 0-chlorocrotonic 
acid, whose entropy of fusion is 13.5 calories per degree per mole at its 
freezing point, if one per cent be crystallized during a freezing point deter¬ 
mination the error in T would be 0.05°C. when its mole fraction is 0.9. 
This error would increase continuously and become 0.27°C. when its mole 
fraction is 0.308. This is the composition of the eutectic with 0-chloroiso- 
crotonic acid. 

In order to maintain a constant error in T along a single branch of the 
curve,^ should be decreased as jV b increases in accordance with equation 
7. Again using 0-chlorocrotonic acid as an example, we find that for a 
value of (- AT) = 0.1°C. we may crystallize 1.9 per cent of the acid when 
N b = 0.1, but only 0.37 per cent at the eutectic with its isomer when iV B 
= 0.692. Thus x must be decreased fivefold. Since the molal heat 
capacities of these two isomers in the liquid state are nearly equal (1), 
it follows that x is practically proportional to the amount of undercooling; 
hence the latter should be decreased about fivefold in going from Nn = 0.1 
to the eutectic. 

(3) A third error introduced by the fact that a actually increases as 
the eutectic is approached, owing to the decrease in the rate of crystalliza¬ 
tion with the decrease in temperature and the attendant increase in 
viscosity. That slow crystallization in general causes a larger amount 
of solid to separate before the maximum is reached can perhaps be shown 
best by a comparison of cooling curves. In figure 3 the line ABC'D' 
represents a typical time-temperature curve for a slow crystallization and 
the line ABCD, a curve for a more rapid one. GH represents the course 
taken by the temperature of the shield or surroundings. The shaded area 
in each case, horizontally and diagonally respectively, is proportional to 
the amount of solid separated at the maximum temperature (7). It is 
obvious that the area A'BC'F'E' is greater than the area ABCFE. It 
was actually found on reexamining the cooling curves obtained in the 
earlier study of this system (1) that those for the nearly pure substances 
were of the rapid type whereas those for compositions near the eutectic 
were of the slow type. 
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All of the errors so far considered have been due to failure to correct for 
the change in composition when the solid separates and they are involved 
in the case of all solutions, being usually greatest at the eutectic and de¬ 
creasing as the pure substance is approached. Another source of very 
considerable error, which may or may not be quite general to all systems, 
is illustrated by a number of cooling curves obtained for compositions near 
the eutectic. In these curves the first maximum after inoculating was 
actually below the true eutectic temperature and after the usual fall in 



Tim* —t 

Fig 3 Typical Cooling Curves for Rapidly and Slowly Crystallizing 

Binary Mixtures 

temperature there followed another rise, this time to a higher maximum 
corresponding to the eutectic temperature. In one case the primary freez¬ 
ing point, after roughly correcting for the amount of solid separated, was 
0.5°C. below the eutectic temperature which in this case is actually about 
0.5°C. low. This curve, for the composition 31.2 per cent /3-chlorocrotonic 
acid, is reproduced schematically in figure 4 and the cause of the behavior 
can be explained by a consideration of figure 5 in which the effect is shown 
much exaggerated. 

Let us consider that AEB (figure 5) is the correct freezing point-composi- 



















ERRORS IN BINARY FREEZING POINT DIAGRAM 


193 


tion diagram for a system as obtained by an accurate method. Owing to 
the tendency to undercool, a melt of the composition X fails to crystallize, 
when inoculated with both kinds of crystals, until the temperature is 
below F. The component A then crystallizes giving a primary freezing point 
corresponding to F (when corrected for the pure A which has separated) 
and after the maximum is reached, A continues to separate changing the 
composition of the liquid as it cools, along the line FG until B begins to 
crystallize. 7 The composition and temperature then change to the eutectic 
point. 8 



Fig. 4 Typical Cooling Curve Showing Primary Freezing Point below the 

Eutectic Temperature 

For the true eutectic composition the first maximum should on this basis 
fall below the eutectic flat, but the freezing point obtained by the proper 
correction for the solid separated should be the true eutectic temperature. 

7 It will be noted that below the eutectic the increase in the degree of undercooling 
with respect to B is the resultant of two superimposed effects: (a) the lowering of the 
temperature of the liquid, and (b) the increase of the true freezing point of the liquid 
due to the continual change toward a composition richer in B. 

8 The true eutectic temperature may never be reached, however, ow ing to a low 
rate of crystallization of B, or owing to the fact that the amount of liquid left is so 
sip all that its heat of crystallization is insufficient to raise the temperature of the 
whole sample through the required range. Thus, as mentioned above, the second 
maximum in figure 4, though higher than the first, is still about 0.5°C. below the true 
eutectic temperature. 
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In fact, one would expect that compositions even a little richer in A would 
show this same characteristic. Cooling curves of this type were actually 
realized; for example, the sample containing 30.0 per cent of 0-chlorocro- 
tonic acid upon inoculation at 38.5°C. came to a maximum of 41.5°C., and 
then dropped to 39.9°C., and finally rose again to 41.5°C., the eutectic 
temperature. 9 For compositions richer than the eutectic in component B, 
the degree of undercooling necessary in order to reach curve AG increases 



Composition 

Fia. 5. Schematic Binary Freezing Point Diagram with one Branch 
Extended below the Eutectic 


and eventually attains such a value that B is the first to crystallize upon 
inoculation. The resulting effect on the temperature-composition diagram 


9 It is no novel observation that a system can be undercooled below its eutectic 
point. Indeed, it is claimed that this can usually be done intentionally whenever 
one, or both, of the components is capable of being undercooled when pure. To the 
best of our knowledge, however, no cooling curve like our figure 4, with two maxima, 
the second higher than the first, has been reported. Such a curve affords the first 
experimental proof of the validity of the explanation usually given for the cause of 
such abnormal freezing points. 
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would be the extension of the A branch beyond the true eutectic and the 
distortion of the other branch to meet it. 

It is probable that in many systems the cooling of the liquid below the 
eutectic temperature can occur only to a very limited extent. In such cases 
the effect on the diagram would be such as to indicate compound formation; 
that is, a horizontal line would extend between the two branches of the 
diagram at or just below the eutectic temperature. A case of this kind 
has actually been pointed out by Bell and McEwen (8), who upon recon¬ 
structing the diagram for the binary system of m-nitrotoluenc with p-nitro- 
toluene found it to be a system of the simple eutectic type instead of one 
showing compound formation as had been reported previously by Gibson, 
Duckham, and Fairbairn (9). 


CONCLUSIONS 

When it is considered that the usual method employed for freezing point 
determinations involves merely the determination of the height of the first 
maximum after inoculation and that there is no correction for the solid 
separated, it becomes obvious that the construction of the freezing point 
diagrams of many of the binary systems in the literature may be consider¬ 
ably in error. This is particularly in evidence near the eutectic point and 
may lower the apparent eutectic temperature; in fact, as shown by the 
discussion of figure 4, this danger exists even if correction is made for the 
separation of the solid. A shift in the eutectic composition is also to be 
expected where the temperature deviation on the two branches of the curve 
is not the same at the true eutectic composition. It should be noted, 
however, that whereas all the errors discussed in this paper conspire to 
make the apparent eutectic temperature too low, they may conceivably 
have opposing effects on the shift of the eutectic composition. Such would 
have been the case, for example, if the branch BE instead of AE in figure 5 
were the one that could be extended. If the extension of neither of these 
branches were realizable, the diagram obtained might conceivably lead one 
to believe that there was compound formation. This is obvious from 
inspection of figure 1. 

Erroneous data would, in general, be expected to give a log A — ~ plot 

with a curvature which is too great, and the heat of solution calculated 
from its slope would be too low and would vary more over the temperature 
range in question than the true heat of solution. 

Little can be said in a general way in regard to the possible magnitude of 
the errors in a system whose rough diagram alone is known except that they 
are dependent upon the degree of undercooling used and upon the rate of 
crystallization of the particular substances (i.e., upon the amount of solid 
separated out), upon the lag in the thermometer regisl ration, and upon 
the possibility of following either curve below the true eutectic temperature. 
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SUMMARY 

The freezing point-composition diagram for the system /3-chlorocrotomc 
acid-0-chloroisocrotomc acid has been constructed by a rough method in 
which no correction was made for the amount of solid crystallizing and this 

diagram as well as the log N — ^ plot for these data have been compared 

with those obtained from the accurate data It has been shown that the 
errors involved cause a shift of the observed eutectic not only along the 
temperature axis, but also along the composition axis In some cases false 
indications of compound formation may be given 
Cooling curves have been descnbed which are a direct proof that it is 
possible to follow a branch of the temperature-composition diagram to 
temperatures below the eutectic 

The relation between the entropy of fusion and the shape of a branch of 
the T — N diagram of an ideal binary system has been discussed 
An analysis of the causes of increased errors near the eutectic point is 
made and it has been pointed out that it is dangerous to draw definite 
conclusions from the abnormalities or distortions in the freezing point 
diagrams unless the method of obtaining the data eliminates the sources 
of error mentioned 
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In a series of articles published about 1900 (1) it was pointed out that 
certain geometric isomers exhibit the phenomenon known as “dynamic 
isomerism”, i.e., the cis and the trans modifications tend to transform one 
into the other until an equilibrium mixture is reached. In those in¬ 
vestigations the binary freezing point diagrams for a few such systems 
were studied and the equilibrium compositions were then estimated by 
freezing point measurements. If these compositions could be determined 
with a sufficient degree of accuracy, it should be possible to calculate the 
heat of transformation of the one modification to the other. 

There are many difficulties involved in this method, however, for in 
many cases the rate of transformation is rapid enough at the melting 
point so that the composition of the mixture changes very appreciably 
during the freezing point determination. 2 

Inasmuch as all previous work on such systems was done by the capillary 
melting point method or at best by the Beckmann apparatus, it seemed of 
interest to find out what controlled cooling curves and heating curves 
would show and to test out the applicability of an apparatus previously 
described (2) to a system of this type. The system, m-/3-chlorocrotonic 
acid-/rans-/?-chlorocrotomc acid, which was reported in the first (2) of this 
series of papers, showed no signs of “dynamic isomerism” at moderate 
temperatures. The supposed “unstable equilibrium” of the system, 
crotonic acid-isocrotonic acid, on the other hand, proved on investigation 

1 Du Pont Fellow, Yale University, 1924-1925. Part of this paper was written 
during the tenure of a Guggenheim Fellowship at the J'ayerische Akademie der 
Wissenschaften, Munich, Germany. Present address Trinity College, Hartford, 
Conner tieut. 

‘ In fact, in some cases the freezing point and the melting point arc different. 
When the rate of transformation is extremely rapid, the solid obtained upon freezing 
a liquid mixture of any composition will be one of the modifications in pure form. 
For a detailed discussion of these interesting possibilities see Roozeboom: Die heter- 
ogenen Glcichgewichte, II, Part 3, Vieweg, Braunschweig (1918) 
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to be a much more complicated equilibrium phenomenon, probably 
involving polymerization (3). 

Carveth (4) studied the system, czs-anisaldoxime-Jrans-anisaldoxime, 
and finally came to the conclusion that it was impossible to construct the 
temperature-composition diagram even roughly. He found that the 
freezing points could not be determined either for the pure forms or for 
mixtures by means of a Beckmann freezing point apparatus, owing to the 
rapid transformation toward a definite equilibrium composition. The 
freezing point obtained by this method was always in the neighborhood 
of 64.2°C., which he interpreted as the “natural freezing point” of the 
system, i.e., the freezing point of the equilibrium mixture. He determined 
the melting points of the pure substances by the capillary tube method as 
62.8°C. and 132°C., respectively, and showed that the less stable, cis 
form would liquefy if kept at 89.5°C. for twelve hours. He concluded 
that the eutectic was about 0.2° below the “natural freezing point”, since 
that was the lowest temperature he was able to reach by changing the 
composition and since he was unable to detect a second break in the 
rough cooling curves which he ran. He attempted to get the melting 
temperatures of various mixtures of the two forms by means of the capil¬ 
lary tube method, but failed to get even approximately reproducible re¬ 
sults. He stated, “It has been found absolutely impossible to obtain 
with any accuracy the composition of the triple point.” 

The benzaldoxime system, which was studied by Cameron (5), seemed 
to exhibit the same phenomena, but in this case it was found possible to 
construct a rough freezing point-solubility diagram. Since the results of 
Patterson and MacMillan (6) on the rates of transformation in ethyl 
tartrate solution show that a's-anisaldoxime and m-benzaldoxime are 
equally stable 3 it seemed that it should be possible to construct the diagram 
for the anisaldoxime system. 

We have found that the cooling curve method is not entirely applicable 
to the case, but we were finally able to construct the binary freezing 
point diagram, to follow the transformation involved, and to determine 
the composition at the “natural freezing point” with a fair degree of 
accuracy by means of controlled heating curves. 


SYNTHESIS AND PURIFICATION OF COMPOUNDS 

The frans-anisaldoxime was synthesized by Schmidt and Soil's method 
(7) from anisaldehyde and hydroxylamine hydrochloride in alcohol 
solution containing a large excess of barium carbonate in suspension. 

* Brady and Dunn (J. Chem. Soc. 123, 1783 (1923)) state that cis-anisaldoxime is 
more stable at atmospheric conditions than cis-benzaldoxime. 
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The yield of crude oxime was 95 per cent. This product was recrystallized 
repeatedly from methyl alcohol and carbon tetrachloride. 

The cj$-anisaldoxime was prepared from the trans modification by 
Dunstan and Thole’s method (8) as modified by Brady and Dunn (9). 
These authors mention the difficulty of drying the m-oxime. In this 
particular case we found that the drying of the solid could be omitted 
if the sample, after being sucked dry on the Buchner funnel, was ex¬ 
tracted with boiling benzene, the water layer being reextracted. The 
purification was effected by repeated rccrystallization from benzene. The 
final product melted quite sharply in a capillary tube at about 127°C., 
the temperature being raised at the rate of about 2° per minute as the 
melting point was approached. 

The apparatus used for running cooling and heating curves has been 
described elsewhere (2). 

EXPERIMENT/l. RESULTS AND DISCUSSION 

Limitations of cooling-curve method 

It was found that, in accordance with the conclusions of Carveth, it 
was impossible to get the freezing point of either pure modification by 
meanfe of cooling curves, since there was always a partial transformation to 
the other form as soon as the melting took place. However, we did find it 
possible to follow the transformation of the trans form to the equilibrium 
mixture for the system by means of a series of successive cooling curves on 
a sample of trans- anisaldoxime. The first curve was a very rapid one 
carried out by the method described in another paper (10), that is, by 
cooling the melt to a temperature just below the freezing point and then 
inoculating and stirring, the surroundings being at the temperature of the 
room. The other curves were obtained by the usual method, except that 
the crystallization took place extremely slowly and the mixture had to be 
stirred vigorously to cause the rise in temperature to the maximum, whereas 
ordinarily the maximum is reached without any further stirring after the 
inoculating crystals have once been stirred into the melt. 

The first cooling curve gave a maximum temp'rature of 60.7°C. (not 
a “flat”), the second curve, 60.0°C. The sample was then heated to 92°C. 
and allowed to cool in the course of ten minutes, and the maximum came 
at 57.5°C. The next curve gave 57.4°C. and the last 57.4°C. A number 
of cooling curves were run on this sample and the area-maximum plot 4 was 
made, but the results were not self-consistent, many maxima being de¬ 
cidedly low. From all these results it was estimated that the true primary 
freezing point of the equilibrium mixture was above 57°C. 

4 To correct for the solid separated out at the maxima, see Andrews, Kohman, 
and Johnston: J. Phys. Chem. 29,914 (1925). 
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The heating curve method 

Since it was found impossible to obtain satisfactory cooling curves, 
owing to the rapid rate of transformation, heating curves were used and 
they proved to be much better adapted. 6 

The same apparatus was used as for cooling curves, but the copper 
shield was heated at a constant measured rate, the adjustment being made 
by means of a variable resistance shunted across the heating coil. This 
served as the only source of heat for the melt, whose temperature was then 
followed in the usual way. The breaks were in most cases quite sharp and 
the results in general very consistent. By means of such heating curves 
it was found possible to obtain the melting point of the pure untransformed 
frans-anisaldoxime and to follow the transformation toward an equilib- 


TABLE 1 

Successive curves on the same sample of trans-amsaldoxime 


CURVE 

NUMBER 

TYPE OF 

CURVE 

RATE OF HEAT¬ 
ING (or cooling) 

roiNT a 

POINT b 

POINT c 

I 

Heating 

Medium 

degrees C 

degrees C 

degrees C 

72 5 

II 

Heating 

Medium 

56 5 

59 9 

75 5 

III 

Heating 

Medium 

56 5 

59 0 

72 6 

IV 

Heating 

Medium 

56 8 

58 6 

70 9 

V 

Heating 

Medium 

56 4 

58 4 

76 3 

VI 

Cooling 

Very slow 

— 

— 

— 

VII 

Heating 

Very rapid 

56 0 

60 0 

82 9 

VIII 

Heating 

Very slow 

56 2 

59 7 

67 0 

IX 

Heating 

Medium 

56 0 

58 7 

74 0 

X 

Cooling 

Very slow 

-- 

— 

— 

XI 

Heating 

Medium 

56 2 

59 6 

— 


rium mixture whose freezing point was determined. Since it was also 
possible to construct the temperature-composition diagram of the binary 
system using this same method, the composition of the equilibrium mixture 
was disclosed by its freezing point. 

Following the transformation by heating curves 

A number of successive heating curves were run on the same sample of 
pure Jrans-anisaldoxime. On plotting the data for the first and second 
runs, two curves of the types shown in figure 1, A and B respectively, were 
obtained. The straight lines show the change of the temperature of the 
shield with time and the curved lines below show the corresponding tem- 

6 The heating curve method is not suggested as a general method for determining 
accurate freezing points of binary mixtures. It is much less satisfactory when the 
primary freezing point is far removed from the eutectic temperature. 
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peratures of the sample. The breaks in these curves and in the rest of the 
curves, all of which had the same general shape as figure 1, B, have been 
tabulated in table 1. In figure 1, A, a “flat” was obtained (constant within 
one microvolt, 0.02°) lasting for eight minutes at the temperature 62.6°C., 
which is, therefore, the melting point of pure Jrans-anisaldoxime. The 
second curve, of the type shown in figure 1, B, is decidedly different. There 
is a partial flat, presumably at the eutectic temperature (point a), at the 
end of which there is a sharp change in direction, and later there is a second 
break (point b) after which the temperature rises rapidly to the temperature 
of the shield. Point b corresponds to the temperature where the last 



Fio. 1. Typical Successive Heating Curves op a Sample op Pure 
/ raWS-ANISALDOXIME 

crystal disappears or to the primary freezing point of the mixture. These 
points were determined by plotting the time-deviation curves, the deviation 
being the difference between the temperature of the shield and that of the 
melt at any given time. The breaks are thus much more marked. Point 
c is the highest temperature to which the sample was raised beiorc cooling 
and running the next curve. 

A number of interesting facts are brought out by this series of curves. 
In the first place, it shows that the heating curve method is vastly superior 
to the Beckmann freezing point method. This follows from Carveth's 
statement (4) that after heating the pure Jrana-anisaldoxune to 64°, 100°, 
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or 125°C. for thirty minutes, the primary freezing points could not be 
distinguished from the “natural freezing point ,, > namely, 54.2°C. In 
spite of the fact that in the course of runs I, II, and III the temperature 
was kept well above 64°C. for about fifty minutes in each case, the resulting 
mixtures were very definitely distinguishable from the equilibrium mixture. 
The fact that the eutectic temperature a, was a little lower in the later 
curves indicates that this heating had caused a slight oxidation or decom¬ 
position of the oxime. 

A study of the table also shows that the natural freezing point is proba¬ 
bly on that side of the eutectic nearer the pure traits form. 

The rise in point b after curve VI is perhaps also worthy of notice. 
This seems to be explained best by assuming that it was due to the slow 
cooling of the melt in curve VI; that is, that as the solid trans form sepa¬ 
rated at the "natural freezing point”, and the liquid thus became richer 

TABLE 2 


Freezing points for the binary system , cis-anisaldoxime-trans-anisaldoxime 


C%8 

Ti 

Tt 

Ti 

t E 

per cent 

degrees C 

degrees C 

degrees C 

degrees C. 

0 

62 6 




4 23 

60 8 

60 6 


56.4, 56 6 

7 62 

59 5 



56 3 

10 61 

58 6 

58 5 


56 6, 56 6 

14 79 

57 8 



56 8 

19 48 

56 7 

56 6 

56 8 

56 7, 56 2, 56.4 

22 76 

(64) 



56 6 

33 63 

(80) 



56.6 

100 00 

127* 





* Melting point by capillary tube method. 


in the cis form, transformation took place toward the reestablishment of 
the equilibrium composition in the liquid, so that the resulting solidified 
melt contained less of the cis form. This is verified by the fall in b for 
the next two curves and a rise again after another cooling curve, X. 

Construction of the temperature-composition diagram 

The various compositions were made by intimately mixing the pulverized 
crystals of the two forms in the right proportions on a small piece of 
plate glass and then transferring to the freezing point tube. The thermo¬ 
element was then inserted in the well-packed sample and the whole was 
put into the freezing point apparatus without first melting. The heating 
curve obtained in each case was of the type shown by figure 1, B. 

In all cases the melt was immediately chilled as soon as the point b had 
been passed and a second heating curve was run on the solidified material. 
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Thus, the least possible time was allowed for transformation to take place, 
and the second curve usually checked the first one to within 0.3°C. when 



Fia 2. Freezing Point-Composition Diagram for the System, ciVAnisaldoxime- 

(rarw-ANiSALDOXiME 


the temperature of melting was not much above 60 C C. On the ds-side of 
the curve, however, the transformation seemed to be much more rapid 
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and the freezing points for this branch are, therefore, probably as much as 
2°C. too low. The second curves in these cases failed to check the first 
ones; for example, the curves for the 22.76 per cent mixture gave the freez¬ 
ing points 64° and 58.9°C., respectively, and the 33.63 per cent sample gave 
the freezing points 80°C. for the first and 58.3°C. for the second curve. 

The data obtained from these curves are given in table 2 and are plotted 
in figure 2. The values obtained for point b in successive curves on the 
same sample are designated by T h T 2 , and T s , and the corresponding 
values obtained for the eutectic temperature, T Ef are given in their respec¬ 
tive order. It was impossible to get the melting point of the pure cis form 
by any but the capillary-tube method (see below) and thus this value may 
be in error by 3° or 4°C. since the value obtained depends to a considerable 
extent on the rate of heating. The eutectic temperature, obtained by aver¬ 
aging all the values for T Ey is 56.5°C. The eutectic composition, gotten 
by extrapolation of the two arms of the binary freezing point curve, is 
about 19.5 per cent cis- and 80.5 per cent frans-anisaldoxime. 

The formation of another compound above 100°C. 

The successive heating curves obtained for a sample of the pure cis form 
prove that the transformation is not so simple as the one suggested by 
Carveth, that is, to an equilibrium mixture of the cis and trans modifica¬ 
tions, but that some other substance or substances are formed. In the 
first curve the shield was started at 121.6°C. and raised about 0.5°C. per 
minute. The unmelted sample of as-anisaldoxime, which was at room 
temperature when inserted, rose very rapidly to 106.6°C., then dropped to 
100.1°C. (indicating a considerable absorption of heat), and then rose with¬ 
out any further breaks to 132°C. The sample was then chilled to room 
temperature and a second curve run on it. This showed a eutectic flat at 
39.5°C., about 17°C. below that found for the binary eutectic above, and 
then a rise toward the temperature of the shield, the last crystals disap¬ 
pearing at about 49.5°C. In another case in which the first heating was 
carried up to 140°C., the second and third heating curves gave eutectic 
flats at 39.2°C. and 39.0°C., respectively. In both of these cases the final 
sample was decidedly yellow in color. On the other hand, the mixture of 
anisaldoximes containing 33.63 per cent of the cis form (see table 2) gave 
the normal eutectic break, at 56.6°C., even though it had been subjected 
during a previous curve to a temperature of over 80°C. The facts seem 
to indicate that at about 100°C. or over, another compound is formed. 

It was actually found possible to isolate this compound in crystalline 
form from mixtures obtained by heating the pure trans form to correspond¬ 
ing temperatures. (1) A small amount of the pure trans form was heated 
in a sealed evacuated tube at 125°C. It first became yellow, then red, and 
when finally removed from the oven, after forty-eight hours, it was deep 
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reddish brown in color and long needle-like crystals separated at a high 
temperature. The primary freezing point of the mixture was about 129°C. 
It was found that a slightly yellow crystalline compound could be precipi¬ 
tated from the alcohol solution of the mixture by adding the right amount 
of water. Without further purification this compound melted in a capil¬ 
lary tube at 168-172°C. to a brown liquid. (2) Another sample heated at 
110°C. for a number of months did not discolor to as great an extent. In 
this case there were some well formed yellow crystals at the top of the 
tube, evidently deposited by sublimation, which gave a melting point of 
160-166°O. without purification. The formation of the compound is 
accompanied by the evolution of ammonia, 6 judging from the development 
of considerable pressure in the tube and from the distinctive odor and the 
action on litmus paper of the gas evolved. 7 At higher temperatures there 
seems to be a distinct odor of tertiary amines. 

The composition of equilibrium mixtures at various temperatures 

The formation of the compound in the neighborhood of 100°C. and above 
makes it impossible to follow the binary equilibrium mixture above that 
temperature. Unfortunately this narrows the possible range of study of 
the change of equilibrium composition with the temperature to a 30° range 
between t he “natural freezing point” and about 90°C. 

A number of samples of trans- anisaldoxime and of mixtures with the cis 
modification were heated at various temperatures in sealed tubes. Their 
freezing points were then determined by means of heating curves and their 
compositions estimated by comparison with the binary freezing point 
diagram. The values obtained are tabulated in table 3 and have been 
included in figure 2. 

The results show that, owing to the short temperature range permitted, 
a more sensitive method than the one at hand will have to bo used to 
determine with sufficient accuracy the slope of the equilibrium curve. 

• It was noticed that when pure /rans-anisaldoxime was left for some time in a 
desiccator over sulfuric acid, the exposed surface of the sample became slightly 
yellow-. As this was not inxestigated further, we are una* 1c to say whether it was 
due to the formation of the yellow compound isolated. 

These observations are quite similar to those of West (J. Am. Chem. Soc. 47 , 
2780 (1925)) on the ahloxime of 4,0-dicarbethoxyl-5-formyl-3-methyl-2-oyclohexe- 
none. He found that w'ater and ammonia were evolved w r hen the aldoxime was 
heated for twenty to thirty minutes at 100°C. under a pro sure of 20-30 mm. He 
also observed that “when dried in a vacuum desiccator for eighteen hours < ver sulfuric 
acid the compound lost weight (water and ammonia (?)) and passed into a sub¬ 
stance that began to turn brow n at 126°C. and melted at 140°C. with decomposition.’’ 

Hurd (The Pyrolysis of Carbon Compounds, p. 660 fif., The Chemical Catalog Co., 
New York (1929)) cites several cases in w'hich ammonia is evolved on heating 
ketoximes. 

7 This reaction is now' being studied further. 
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The values for the individual samples show very good agreement among 
themselves and the freezing points of the equilibrium mixtures obtained 
by heating the pure trans form fall within 0.15°C. of their mean value, 
58.4°C. For some reason, however, the mixtures obtained by approaching 
equilibrium from the other side do not show the same good agreement. 

It should be noted that in approaching the equilibrium from the trans 
side of the diagram the freezing point drops to the value for the equilibrium 
mixture, whereas in approaching it from the as side, the freezing point 
drops to the eutectic point and then rises to its final value. Thus in the 
case of the 33.63 per cent cts mixture at 80°C., where the duration of heating 
was only one and one-half hours, the final freezing point was low and this 
may have been due to the fact that the transformation was incomplete. 
It seems probable, however, that true equilibrium was reached in all the 


TABLE 3 

Change of “ equilibrium” composition with temperature 


COMPOSITION OF 
ORIGINAL 

PUR CENT OF CIS 
COMPOUND 

1 

HEATING 

POINT a 

POINT b 

Temperature 

Duration 

! 

0 

degrees C 

90 

hours 

12 5 

56 1 

58.2 




56 2 

58 3 

26 22 

90 

73 

56 5 

58 9 

0 

81 

47 

56 5 

58 5 

- 



56 7 

58 4 

33 63 

80 

1 5 

56 6 

(57 9)* 

0 

65 

50 

56 4 

58 3- 




56 5 

58 3+ 

22 76 

65 

69 

55 9 

58 9 


* Probably not yet at equilibrium. 


other cases, for sufficient time was allowed and the results showed good 
agreement, except that the mixtures approached from the cis side gave 
values about 0.5°C. higher than expected-most likely owing to the fact 
that for some unknown reason the breaks in the heating curves were 
actually much less distinct and that therefore the freezing point could not 
be determined with the same degree of accuracy. It seems logical there¬ 
fore to give more weight to the values for the equilibrium mixtures which 
were obtained by heating the pure trans form. 

On this basis, the data of table 3 show that the freezing point of mix¬ 
tures which have been brought to equilibrium at temperatures between 
65°C. and 90°C. is 58.4°C. ± 0.2°, corresponding to a composition of 12.3 
per cent of the cis and 87.7 per cent of the trans form. This value is in 
accord with the data of table 1. 
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SUMMARY 

The “dynamic isomerism” in the aVanisaldoxime-$ra/is-anisaldoxime 
system has been investigated. The binary freezing point-composition 
diagram of this pair of geometric isomers was constructed and was then 
used as a basis for a method of analysis of unknown mixtures. 

Owing to the rapid rate of transformation in the liquid state toward 
the equilibrium composition, it was found necessary to substitute a con¬ 
trolled heating curve method for the usual cooling curve method, although 
it was found possible to follow the transformation roughly by means of the 
latter. 

When either form is heated to about 100°C. or above, a reaction takes place 
involving the formation of a compound which has been isolated. The 
study of the change of the simple binary equilibrium with temperature is 
thus limited to a narrow range between about 60°C. and 90°C. 

The “natural freezing point” of the simple biliary system was found to 
be 58.4°C. =t 0.2°C., corresponding to a composition of 12.3 per cent of 
the cis form. This equilibrium composition did not change perceptibly 
with the temperature up to 90°C. 
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STUDIES IN AUTO-OXIDATION. Ill 

The Initial Act in Auto-oxidation 1 
H. N. STEPHENS 

School of Chemistry , University of Minnesota^ Minneapolis } Minnesota 
Rcctivcd October 1$, 1988 

Although peroxide formation is quite generally accepted as the initial 
step in auto-oxidation, much debate has centered around the question as to 
whether the isolable peroxide is actually the primary addition product or 
whether there is first formed a more active and unstable substance, which 
rearranges into the isolable compound. 

This question was first raised by Engler and Weissberg (1), following the 
observation that benzaldehyde, dissolved in benzene together with indigo, 
and exposed to oxygen, decolorized the indigo much more rapidly than the 
same concentration of benzoylhydroperoxide, in the same solvent, exposed 
to an atmosphere of carbon dioxide. This observation seemed to indicate 
that, during the process of auto-oxidation, there was formed a more active 
intermediate than the isolable benzoylhydroperoxide. 

At the l ?me when this observation was made, it was, of course, impossible 
to draw the necessary distinction except on the basis of two distinct com¬ 
pounds. In view of our present knowledge of activated molecules, how¬ 
ever, it seems unnecessary to assume any difference, other than one of 
energy content, between the freshly tormed peroxide and the known 
compound. At the moment of formation the energy-rich molecules would 
be expected to be much more efficient in the destruction of the indigo than 
would the normal molecules of the same substance. 

A conclusion similar to that of Engler and Weissberg was reached later 
by Staudinger in connection with his work on the ketenes and, in particular, 
on the basis of some work of Erdman (2) upon which Staudinger (3) com¬ 
mented. According to the latter, the addition of oxygen to the ethenoid 
linkage yields, as a primary product, a highly active, unsymmetrical perox¬ 
ide, or moloxide (I), which may later rearrange into the more stable, sym¬ 
metrical compound (II). 

R—CH- CH—R, —R—CH -CH—Ri —* R—CH—CH—R, 

\ / I 

II I 

o , o—o 

I II 

1 Presented at the 15th annual Canadian Chemical Convention at Hamilton, On¬ 
tario, June 1 to 3,1932. 
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In support of this viewpoint, it is pointed out that the products obtained 
by Erdman from trichloroethylene can be most simply accounted for by 
assuming that the “moloxide” (la) is, in part, reduced to the oxide and, in 
part, isomerizes to the normal peroxide (Ila). 


CClj 

\ 

0=0 

/ 

CHC1 


ecu 

\ 

O -> CHClsCOCl 

/ 

CHC1 


la 


CC1 2 -O 

| | -> C0C1 2 -f HC0C1 

CHC1—O 

Ila 

This argument, however, appears unconvincing to the present writer, 
as the oxide would be a normal product of the interaction of peroxide with 
the original substance (4). 

Quite recently, Jorissen and Van der Beek (5) have revived the question 
of the nature of the initial peroxide as a result of an observation on the oxi¬ 
dation of benzaldehyde in the dark, presumably at room temperature. 
Under these conditions a strong peroxide test was obtained, although it had 
been shown previously (6) that in direct sunlight no peroxide survived. 
The authors state that their peroxide could not have been benzoylhydro- 
peroxide, otherwise it would have reacted with the benzaldehyde. Finally, 
the conclusion is drawn that the substance is probably the primary addition 
product of oxygen and the aldehyde, which may later revert to the isolable 
benzoylhydroperoxide. 

The interpretation given by these authors to their experimental evidence 
seems to the present writer to be inconsistent with one of their own obser¬ 
vations, namely, that exposure to direct sunlight of a mixture partially 
oxidized in the dark resulted in the destruction of the peroxide in a few 
minutes. The fact that the peroxide survived in the dark need only be 
ascribed to the difference in its rate of reaction with benzaldehyde in the 
dark and in direct sunlight, as Backstrom (7) has already shown that the 
reaction between benzoylhydroperoxide and benzaldehyde is sensitive to 
light in the near ultra-violet. There seems every indication, therefore, 
that the peroxide obtained by the dark reaction is benzoylhydroperoxide. 
Again, the assumption that the primary product is a substance of weaker 
oxidizing ability (lower energy content) than benzoylhydroperoxide is one 
which can hardly be justified thermodynamically, as the primary product 
should be richer in energy than the substance into which it rearranges. 
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The most recent attempt to revive the conception of a structural differ¬ 
ence between the primary peroxide and the isolable product is found in the 
recent papers of Milas (8), whose theory is based on his interpretation of 
recent work in band spectroscopy by Mulliken (9), Birge (10), and others. 
This evidence indicates clearly that diatomic molecules of the typo of CO, 
CO 4 , BO, BeF, CN, etc., possess electrons in excess of eight which behave 
essentially as the valence electrons of atoms. The explanation advanced 
by Mulliken and by Birge (11) is that the two nuclei, together with their 
K electrons, are enclosed in a common shell of eight, with the remaining 
electrons in an outer shell. Such outer electrons might properly be desig¬ 
nated as “molecular valence elect rons.” 

To outline briefly some of the main assumptions underlying Milas* 
theory, the following might be mentioned: 

(1) Auto-oxidation is assumed to be possible “only when the auto-oxi¬ 
dants possess unshared or ‘exposed* elect rons. ” These unshared electrons 
are referred to a- “molecular valence electrons,** the inference being that 
they are, in all cases, essentially similar to the valence electrons of diatomic 
molecules of the type mentioned above (12). 

(2) These unshared electrons are assumed to have their spins unpaired 
and to^be more loosely bound to the molecule than shared pairs (refer¬ 
ence 12*, p 299). 

(3) The first change assumed to take place in any auto-oxidation is a 
change in energy level of these “molecular valence electrons.** That is, 
electronic activation is assumed to be a necessary preliminary to all auto¬ 
oxidations (reference 12, p. 299). 

(4) A pair of such electrons already raised to some higher energy level 
is then assumed to be donated to the oxygen molecule, with the formation of 
a “dative** peroxide. 

(5) The “dative** peroxide rearranges into the more stable peroxide or 
undergoes other reactions 

For the sake of brevity and convenience may we examine these assump¬ 
tions in order. 

(1) The present writer knows of no evidence from band spectroscopy or 
from any other source that would indicate that all unshared electrons 
may be properly regarded as “molecular valence electrons.** To take one 
typical example as an illustration, that of aldehydes, the carbonyl group 
might be considered as a pseudo atom, having its valence electrons shared 
with hydrogen and organic radical, respectively. However, there seems no 
reason for assuming, with Milas, that unshared oxygen electrons in such 
molecules are capable of behaving as valence electrons. 

(2) The assumption that the spins of such unshared electrons are not 
paired would seem to require some justification in order to carry weight 
against the current opinion that they are paired. Likewise, there seems 
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some need of substantiation for the assumption that these electrons are 
more loosely bound to the molecule than others. 

(3) Most, if not all, auto-oxidations are thermal reactions. It is true 
that light is apparently universally effective in accelerating these reactions, 
but they are not exclusively photochemical. It seems entirely improb¬ 
able, then, that electronic activation is a necessary preliminary to auto¬ 
oxidation, for electronic excitation levels lying below the visible part of the 
spectrum are very rare. In any event, excitation of oxygen electrons in 
ethers and aldehydes (reference 12, pp. 352-5) seems quite impossible in 
view of the fact that the lowest excitation level of oxygen is of the order of 
8 volts. 2 In spite of this fact, however, Milas assumes an excitation of 
oxygen electrons in the water molecule by supersonic vibrations (reference 
12, p. 317). For the frequency in question, 750,000 cycles, the corre¬ 
sponding energy of activation would be 3 X 10~ 9 volts, or approximately 
7 X 10" 6 calories per mole! 

(4) The donation of a pair of “molecular valence electrons” to the oxy¬ 
gen molecule is represented through the use of the following electronic 
structure for oxygen 


0 : 0 : 


As oxygen is known to have zero electric moment (13), this cannot rep¬ 
resent the normal oxygen molecule. If it represents an electronically 
activated state there seems no possible way of accounting for the energy 
of activation in thermal reactions. It should be pointed out further in 
this connection, that the electronic structures used for some of the donor 
molecules are subject to similar criticisms. For example, the structure for 
ethylenic compounds 


R : C : C : Ri 


cannot be considered as representing the normal molecules, as the electric 
moment of ethylene is known to be zero (14). If it represents an electronic¬ 
ally activated state there seems to be no place for such a structure in the 
representation of auto-oxidations which are thermal reactions. 

(5) In the foregoing pages it has been shown that there exists no accept¬ 
able evidence in favor of the existence of two structurally different forms of 
the peroxide; therefore the conception of the “dative peroxide,” “moloxide,” 
or any other hypothetical intermediate seems to serve no useful purpose. 

i 

1 This, I think quite justifiably, leaves out of the question the metastable level at 
1.65 volts, which apparently has a very low probability of formation by direct absorp¬ 
tion of light. 
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THE MODE OF ACTIVATION IN AUTO-OXIDATIONS 

In view of the fact, already mentioned, that auto-oxidations in general 
are thermal reactions, it seems necessary to exclude any such energetic acti¬ 
vation as that postulated by Milas. Vibrational activation appears to be 
quite sufficient to account for experimental facts. It cannot be denied, of 
course, that when such reactions are hastened by photochemical means elec¬ 
tronic activation must occur. However, as there is no evidence indicating 
that the use of light changes the primary step in the reaction, it seems safe 
to assume that the accelerating effect of light is due to the increase in vibra¬ 
tional energy following the absorption of a quantum of light. It will, 
therefore, be assumed in this paper that all auto-oxidations involve the 
primary addition of oxygen to a linkage which has been activated by vi¬ 
bration, whether the necessary vibrational level has been attained purely 
by thermal means or by absorption of light. 

Ethmoid compounds 

In the case of compounds containing the ethenoid linkage it is quite easy 
to understand, on the basis of conventional structures, the vibrational 
weakening of one of the bonds between the two carbon atoms and the pair¬ 
ing of ihe two odd oxygen electrons at this point. The preferred structure 
for the oxygen molecule is that of G. N. Lewis (15), since it is the only one 
which is in agreement both with the paramagnetism and the absence of 
electric moment. Using electronic structures the addition of oxygen would 
be represented in the following manner. 

H II 

R i C : : C : Ri 

+ 

: 6 : 6 : 

The addition of oxygen to the C==G bond may be considered in a similar 
manner. 

Ethers 

It is well known that ethers, on pyrolysis, usually undergo rupture adja¬ 
cent to the ether oxygen. It is evident then, that the C—O linkage is the 
weak point in the molecule. Addition of oxygen to ethers would, therefore, 
be represented as follows: 

R : 6 . R, — R : 6 : O • O : Ri 

+ 


II II 

R : C : C : Ri 
:0 : 6 : 


: O : O : 
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In this case the original linkage consists of only one electron pair instead of 
two, as in the case of ethenoid compounds. Hence the addition of oxygen 
at this point effects a complete separation of the atoms sharing that pair. 

Aldehydes 

In the case of aldehydes, the facility with which dehydrogenation takes 
place justifies the assumption that the weakest linkage in simple aldehyde 
molecules must be the C—H bond. Therefore, the addition of oxygen 
would be expected to take place at this point through pairing of the odd 
oxygen electrons with carbon and hydrogen respectively. 

: O : : O : 

R : C : H -> R : C : 0 : 6 : H 
+ 

: 6 : 6 : 

Saturated hydrocarbons 

The fact that saturated hydrocarbons are auto-oxidized offers an instance 
of the complete failure of the general theory of Milas, as these compounds 
possess no “molecular valence electrons.” In his most recent publication 
Milas recognizes this fact and proposes a special mechanism to fit this par¬ 
ticular case (reference 12, page 346). This mechanism is essentially the 
one which follows from the viewpoint developed in the present paper. 

In the case of the paraffins, it is evident from the work of Pope, Dykstra, 
and Edgar (16) that oxidation tends to take place on the terminal carbon 
atom of the longest open chain. On the other hand, the oxidation of the 
alkyl benzenes has been shown by the writer to take place at the carbon 
atom alpha to the ring (17). The apparent discrepancy in these results, is, 
of course, due to the well-known fact that hydrogen attached to the alpha 
carbon atom in the alkyl benzenes is abnormally reactive. In each of the 
above cases, as well as in other recent investigations (18), the oxidations 
have been thermal reactions, which fact necessarily precludes electronic ac¬ 
tivation. According to the theory developed in this paper the oxygen 
molecule would be expected to attach itself at the bond most susceptible to 
vibrational activation. At the time of writing, the evidence seems to indicate 
that the C—C bond has a lower energy of dissociation than the C—H bond; 
therefore the former would be expected to be preferentially attacked. How¬ 
ever, recent work (19) indicates that the difference in the above dissocia¬ 
tion energies is ve^y small; therefore, it seems quite possible that the weakest 
C—H bond in a given hydrocarbon molecule might have a lower energy of 
dissociation or activation than the weakest C—C bond. In any event, it 
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is quite obvious that C—H bonds are usually attacked in preference to C—C 
bonds. The initial act in the auto-oxidation of saturated hydrocarbons 
would then be represented by the following scheme: 

Ri Ri 

R : C : R, + : 6 : 6 : —> R : C : R, 

H ” : O: 

: 6 : 
ii 

where Ri and R 2 might represent hydrogen and / or hydrocarbon radical, 
depending on whether the hydrocarbon was a paraffin (16), an alkyl 
benzene (17), or an alkyl cyclane (18b, 18c). 

Miscellaneous compounds 

The foregoing illustrations deal with only a limited group of compounds, 
but it seems to the writer unnecessary to multiply examples by discussing 
in detail other types. However, brief mention might be made of two 
additional examples, which are of some interest. One of these compounds, 
thiobenzophenone, has been the subject of recent controversy as to the 
point in the molecule at which oxygen adds (20; and 10, p. 328). 

Thiobenzophenone is an unstable substance which decomposes at 160- 
170°C. in the following manner: 

2 (Cells) *C S (Cells),C-C(Celle), + 28 

The oxidation products obtained by Staudinger and Freudenberger were 
benzophenone, sulfur and small amounts of sulfur dioxide; the fact that 
the latter appeared only in small amounts led them to the belief that 
the oxygen added to the carbon atom. Milas, in dissenting from this 
viewpoint, represented the initial act as the addition of oxygen to the sul- 
fui atom, implying, as in other cases, an electronic activation. 

It seems evident, from the ease with which thiobenzophenone is decom¬ 
posed thermally, that the assumption of electronic activation of this sub¬ 
stance is unnecessary to account for its auto-oxidation. From the point of 
view developed in the present paper the oxygen would be expected to add 
at the linkage of least thermal stability, which is obviously the C=S 
linkage, 

(Cells),C - 8 + O* -> (Cells),C—S 

I I 

0-0 

However, in this case, the complete rupture of the double bond in the C=S 
group takes place so easily that it seems probable that the oxygen mole- 
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cule obtains both the necessary electrons from the carbon atom, forming an 
alkylidene peroxide and liberating sulfur. 


(C«H 6 )sC—S + Oi 


0 

/ 

(CjHj)jC 

\ 

0 


+ s 


The appearance of only traces of sulfur dioxide would indicate such a small 
amount of side reaction that we need not concern ourselves with its nature. 

The second compound of interest belongs to a general class mentioned by 
Milas (21) as typical examples of compounds possessing “molecular 
valence electrons.” Triethylphosphine possesses an unshared pair of 
phosphorus electrons and Milas assumes, with other previous workers, 
that the addition of oxygen takes place at that point. However, the ex¬ 
perimental evidence on the subject seems entirely at variance with this 
viewpoint (22). Leaving aside the reactions that take place in the pres¬ 
ence of water, it has been found that the main isolable product of the oxi¬ 
dation of the dry substance is the compound, 

(CjH,).PO OC 2 H s 

Now, the simplest explanation of the origin of this compound is on the basis 
of initial formation of the peroxide 


(C 2 H t ) a P O O C 2 H 6 

which might rearrange in a very obvious manner to give the above diethyl 
phosphinic ester. Therefore, it seems reasonable to conclude again 
that the oxygen attaches itself at a vibrationally activated bond, in this 
case the carbon-phosphorus bond. 

A comparison of the mechanism of auto-oxidation reactions suggested in 
the present paper with those presented by Milas reveals the fact that the 
initial stage of the present writer corresponds with the second stage of Milas 
in all cases except the last two mentioned. The formation of the interme¬ 
diate peroxide in auto-oxidations is thus considered ks a single act rather 
than as consisting of two stages. As has already been implied, this does 
not mean that no distinction is recognized between the freshly formed per¬ 
oxide molecules and the normal molecules of isolable product. A differ¬ 
ence in energy content admittedly does exist, but there appears to be no 
reason for associating this with a structural difference which can be repre¬ 
sented by any present system of notation. 
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THE pH OF GELATIN SOLUTIONS 

J. GILBERT MALONE and MARY G. MALONE 
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The authors arc led by the recent paper of Hartman and Fleischer (1) 
to make the following comments. 

The pH of a solution is theoretically rather poorly defined, since the 
idea of concentration has lost its early significance. The usual accepted 
methods of determination and comparison are useful and satisfactory in 
many cases, but as is well-known they are subject to influences which more 
or less invalidate the results obtained. Thus, the hydrogen electrode is 
usually considered the most fundamentally sound, with the colorimetric 
methods subject to errors due to influences such as salt, alcohol, and 
proteins It is therefore surprising to come upon an article where the 
colorimetric methods are given preference over the electrometric methods. 
In such a case substantial proof would appear to be necessary before the 
conclusions can be accepted. 

Hartman and Fleischer have determined the pH of gelatin solutions by 
several methods. These included the use of two sets of colorimetric buffers 
and indicators, the use of the hydrogen and quinhydrone electrodes, and 
the use of the glass electrode, although in this latter case the pH values were 
not determined, as sufficient data was lacking. 

With the colorimetric methods the values agreed, but with the electro¬ 
metric methods, especially in the case of the hydrogen electrode, variation 
with time was enormous. With the quinhydrone electrode the values 
obtained at different times agreed well, but did not agree with the values 
obtained colorimetrically. The results obtained with the glass electrode 
varied with time, but not to the same degree as shown by the hydrogen 
electrode. 

The authors have had occasion to determine the pH of gelatin solutions 
over a rather wide range in connection with a study of the dielectric con¬ 
stant and dispersion in gelatin solutions. They have used tl < glass elec¬ 
trode as a means of making these determinations and have no reason to 
doubt the accuracy of the records obtained. A vacuum tube voltmeter 
using the FP 54 tube and following the general lines of Hill's apparatus 
(2), was constructed through the cooperation of Prof H. H. Willard. The 
apparatus was shielded by means of metal boxes and the grid circuit was 
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insulated by means of amber. The electrodes were constructed after the 
specifications of Maclnnes and Dole, using for the membranes the special 
Corning glass .015 manufactured for this purpose. Saturated calomel 
was used as a reference electrode. In all cases two glass electrodes were 
used and the connection to the grid was changed from one to the other by 
means of a long glass rod so as to avoid polarization effects while the 
electrode shielding cage was open. The electrodes were calibrated against 
standard buffers and it was found that a linear relation was approximated. 
The readings on any solution could be changed to pH by means of this 
calibration. That no drifting occurs may be seen from the determinations 
(see table 1) made of the pH of a solution of Eastman’s isoelectric gelatin 
and distilled water at widely different times. These values were taken 
only with the idea in mind of getting an accuracy of about 0.1 pH. There¬ 
fore recalibration of the electrodes each day was not made as is essential 


TABLE 1 

The pH of a solution of isoelectric gelatin 


GEL 

pH AS GIVEN 

BY ELECTRODE 

1 

2 

per cent 



0 5 

4 70 

4 69 

1 0 

4 70 

4 60 

1 0 

4 68 

4 61 

0 5 

4 69 

4 65 


in very accurate work. However, if the glass electrodes vary as stated by 
Hartman and Fleischer, it is hardly conceivable that they will vary 
together, therefore the authors give the following values, taken consecu¬ 
tively and without the added refinements that would go with determina¬ 
tions of pH in other connections. These are stated without regard for the 
content of gelatin acid or alkali, the pH having been changed by the addi¬ 
tion of hydrochloric acid or sodium hydroxide. 


2 72 

2 71 

5 67 

5 75 

4 67 

4 70 

5 86 

5 88 

8 20 

7 29 

4 19 

4 20 

3 68 

3 64 

3 96 

3 91 


It would be possible to continue, as the authors have some hundred such 
determinations. In the list, there appears to be only one case where a 
pH disagreement of more than .1 is found, namely, with 7.08 and 6.96. 
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It has been found by Ferguson (4) and his students as well as by others 
that the pH values determined by the hydrogen electrode are reproducible 
and constant. 

The authors are fully aware that mere agreement does not constitute a 
sound basis establishing the fundamental accuracy of a method They do 
not at this time contend that the values obtained in gelatin solutions give 
the proper measure of the hydrogen-ion activity They do however con¬ 
tend that, properly used, the glass electrode will give definite and repro¬ 
ducible values in gelatin solutions and, as contrasted with colorimetric 
determinations, the presumption of accuracy is m favor of the electro¬ 
metric methods. 
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CATAPHORESIS. AN IMPROVED CYLINDRICAL CELL 
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In ‘i previous issue of This Journal (2) the author described a cylindrical 
cataphoresis (electrophoresis) cell for the ultramicroscopic determination 
of the speed of electrical migration and of the isoelectric point of colloidal 
materials. A formula for calculating the electrosmotic velocity distribu¬ 
tion of the liquid in the cylindrical tube was also given. 

ThiR cell has proven very useful in a series of investigations dealing with 
the isoelectric precipitation of a number of complex precipitates such as 
silicates, phosphates, humates, and proteinates of aluminum and iron (3); 
also ferrocyanides, sulfides and hydroxides, and a number of other ampho¬ 
teric colloids (5, 3). In the course of this work it was found possible to 
improve the cell in regard to one important point. It is the object of this 
paper to describe the present construction of the cell and also, in response 
to several inquiries, to present the derivation of the formula expressing the 
electrosmotic flow of the liquid. 

The new form of the cell is shown in figure 1. The cell represents an 
almost straight tube, the slope of the electrode compartments being merely 
sufficient to cause a free outflow of the liquid and to permit the latter of 
being sucked into the cell without leaving any air bubbles behind. The 
great advantage in this form is that the cell can be effectively cleaned, 
which is very important. This is done by pulling a thread through the 
cell by means of a thin copper wire covered with insulating material to 
prevent scratching. A little cotton is tied onto the thread, which is then 
pulled back and forth in the tube which has been filled with a soap solution 
or other cleaning liquid. This effectually removes any deposit on the glass. 

To make this procedure possible the electrodes had to be so placed as 
to be out of the way. The writer is indebted to the Glass Blowing Depart¬ 
ment of Eimer and Amend for finding a way out of the difficulty. The 
electrodes, which must have a large surface to prevent the forma > Ion of gas 
bubbles up to as high a concentration as possible, have been fused on to the 
walls of the conically shaped electrode compartments. This has proven 
to be very satisfactory. 


1 Present address Bfist&d, Sweden. 
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The diameter of the tube is the same as that of the older type and should 
be about 2.5 mm. The distance between the electrodes should be such 
as to yield a potential gradient of about 10 volts per centimeter. At this 
potential and a magnification of from 100 to 150 diameters, the migration 
of the particles becomes sufficiently rapid for accurate measurements. A 
higher potential gradient is avoided because this lowers the upper limit of 
concentration of the electrolyte. Without the use of non-polarizable elec¬ 
trodes we are, even at this potential, limited to a salt concentration of about 
0.02 normal. In the case of strong acids and bases this upper limit lies 
still lower. At higher concentrations gas is evolved at the electrodes and 
causes displacement of the liquid. 

This limitation of the cell is however compensated for by its simplicity 
and the rapidity with which measurements can be made. Since the charge 
on colloidal particles is very sensitive to the influence of ions, it seldom 
happens that higher concentrations of electrolytes are employed. This is 
especially true of the amphoteric systems studied by the writer. These are 
precipitated from very dilute solutions and, except in the very rare cases 



Fig. 1 . Cylindrical Cataphoresis Cell 


where the system is isoelectric at very low or very high pH, no difficulties 
from the evolution of gas are encountered. Such difficulties can, however, 
within certain limits be overcome by reducing the potential gradient to five 
or less volts per centimeter. The particles then move more slowly in 
proportion and make the measurement less accurate. 

The cell is connected directly to the terminals of a d. c. generator, to a 
series of storage cells, or to dry cells. It can be ordered in any length ac¬ 
cording to the available voltage. 

It is extremely important that the stopcock at the lower end of the cell 
be kept well greased so as to completely close the tube. The particles must 
show no movement when the circuit is open. 

The optical combination consists of a Bausch and Lomb 8 mm. (21X) 
objective and a 5 or 7.5 ocular. The working distance of this objective is 
1.6 mm., which is sufficient for a focus at the proper depth of the cell (see 
below). In measuring the diameter of the tube in terms of microscope 
scale divisions, a 16 mm. objective having a working distance of 7 mm. is 
employed as previously described. 

In place of the more complicated system of illumination originally em¬ 
ployed by the writer, a simple illumination unit consisting of a 16 mm. 
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objective, a system of condensing lenses, and a 6-volt Mazda lamp, all 
mounted in a single tube and adjustable by rack and pinion in three direc¬ 
tions, has been adapted by the Arthur H. Thomas Company, Philadelphia, 
Pa., and by Eimer and Amend, New York City, for use in connection with 
the cell here described. 

In the preceding article on this subject the electrosmotic flow of the 
liquid in a closed cylindrical tube of the type here described was explained 
and illustrated. At the boundary between the glass wall and the liquid 
there exists an electrical double layer. If the glass is negatively charged 
(as it usually is except when coated with positive colloids) then the liquid 
is positive and is attracted along the boundary to the negative electrode. 2 

Since now the cell is closed it is obvious that as much liquid as flows along 
the boundary in one direction must return through the center of the tube 
in the opposite direction. In an annular layer somewhere between the 
wall and the axis of the tube the liquid must therefore be at rest. 

The following expression for the velocity V of the liquid in the different 
parts of the tube was given 



where r --- the distance from the axis of the tube, 
a = the radius of the tube, and 

c = a constant determined by the p d of the double layer. 

From this expression it follows that V = 0 where 

r-flVi-flX 0.707 

When we measure the cataphoretic movement of the particles in a closed 
cylindrical tube we must therefore focus the microscope at a depth of 0.3 
(0.293) of the radius below the inner wall (or roof) of the tube, for only then 
will the observed velocity of the particles be equal to their true velocity. 
Owing to a steep velocity gradient of the liquid and to the depth of the 
focus, this condition is only approximately fulfilled. Thus the different 
particles visible in the field never move with exactly the same velocity. 

The derivation of the formula for which the writer is indebted to Dr. 
Hilding Faxdn of the University of Upsala is as follows. The velocity dis¬ 
tribution in a cylindrical tube obeys the law 

V - c (r* - C) ( 1 ) 


2 In reality the layer of liquid immediately next to the glass does not move, as this 
constitutes the inner electrical layer and remains fixed to the glass. The thickness 
of this innermost layer is undoubtedly much less than a micron, probably only a few 
millimicrons. In a tube of 2 5 mm. diameter we can therefore ignore the thickness 
of this film. 
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where r = the distance from the axis of the tube, and c and C are constants 
(1,4). 

Where the motive force acts as a difference in pressure at the ends of the 
tube, as is ordinarily the case, then the movement is all in one direction and 
is greatest along the axis, whereas at the wall of the tube the liquid does not 
move at all. In this case C = a 1 , where a = the radius of the tube. 

But in electrosmose the motive force acts along the surface layer, causing 
a flow of liquid next to the wall of the tube. Since the tube is closed, the 
same amount of liquid must return through its center. This is mathemati¬ 
cally expressed by the formula 

Vrdr - 0 (2) 

The formula assumes this simple form through the rotation symmetry. 

With the value of V inserted and integrated 

•(r 



we get 


C - 


o 1 

2 


By putting—in place of C in formula 1 we get 



which is the expression employed. 

For comparison the corresponding four expressions in the theory of 
Smoluchowski (6), which applies to a closed chamber between two plane 
parallel plates (the kind of cell used by all other investigators), will be 
given. 

For a chamber the plates of which are the distance d = 2a apart we have 

V - c (** - O (la) 

x = the distance from the middle 



(2a) 


0 


(3a) 
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Hence in this type of cell V = 0 where 



a X 0 577 ... 


(4a) 


These expressions take no account of the influence of the side walls of 
the chamber on the electrosmotic flow of the liquid. They are therefore 
only applicable when the sides of the chamber are very far apart in propor¬ 
tion to the depth. The cylindrical cell employed by the writer allows 
therefore a more exact mathematical expression of the velocity distribution. 
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PERIODIC 1 PRECIPITATION OF FERROUS CARBONATE 
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lh pail Hunt aj Chi misti #/, Indium Cmi nsihi, Rloonnni/ton , Indiana 

Rmmd \uqusi 22, t<)]2 

INIKODI ( rio\ 

In a previous ai t tele of r rins Jon i nal, “The Liesegang Phenomenon Applied 
to the Lake Superioi Iron laminations ’ (1), a synthetic demonstration of 
the Lake Superior iron foun.it k n is piesented Silica gels weie prepaied 
by mixing ammonium caibonate and sodium silicate solutions Over these 
gels weie placed solutions of feiious ammonium sulfate of vai ions st lengths 
There resulted in the gel bands of ferrous carbonate In the text of this 
article is cited the fact that the sune banded structure might occur if a 
silica gel prepared from carbon dioxide and sodium silicate solution were 
employed* Also, it is proposed that with this gel ferrous sulfate might 
yield bands as good as those obtained with ferrous ammonium sulfate 

It is the purpose of this investigation to study further the peiiodic pre¬ 
cipitation of feiious caibonate in different gels, thus substantiating the 
theory of formation of the Lake Superior lion formations pioposed in the 
previous article The facts cited in this paper as well as those of the formei 
article tend to support the geologic theories proposed by C R Van Ilise 
and C 1 k Leith (2) concerning the origin of this form it ion 

1 XIU lilMl NIAL 

liom approximately one hundred different experimental prepar.itions, 
the eighteen showing the most outst aiding periodic precipitation are pic- 
rured in figure 1 Each tube was filled about two-thirds full with the gel 
ami covered with about 7 cc of iron salt solution 

The first horizontal row of test tubes (A) contains gels prepaied from 
I per cent gelatin solution The tubes, Al and A‘2, contain 4 per cent gela¬ 
tin solution made 0 1 N with respect to sodium carbonate, Ad and A4, 0 5 N 
with respect to ammonium carbonate, A5 and A6, 05 A ammonium car¬ 
bonate and also containing 5 per cent glucose by weight The tubes A1 and 
A2 were covered with 0 8 A^ and 0 4 A ferrous ammonium sulfate solution, 
respectively, A3 and A4 also with 0 8 N and 0 4 N ferrous ammonium sul¬ 
fate solution, respectively, A5 with 0 4 N ferrous sulfate, and A6 with 04 N 
ferrous ammonium sulfate 

In the horizontal rows B and C the gels were prepared from sodium 
silicate solution (sp gr 1 03) by bubbling carbon dioxide gas through the 
silicate solution for vaned lengths of time This was accomplished by 
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passing the gas thiough th(‘ silicate solutions contained in the test lubes (12 
ce ) at the iate of 4 7 liteis pei houi The caibonate content of the gels 
was governed by the length of time that the gas was allowed to bubble 
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Gels Bl, B2, and B3 were prepared by passing carbon dioxide gas at the 
rate of 4.7 liters per hour through sodium silicate solution (sp. gr. 1.03) for 
three, four, and five minutes, respectively; gels B4, B5, and B6 were pre¬ 
pared by bubbling the carbon dioxide gas for four minutes. In all cases in 
row B the gels were covered with ferrous ammonium sulfate solution. In 
Bl, B2, and B3 the solution covering the gel was 0.3 A while the gels in B4, 
B5, and B6 were covered with A, 0.8 A, and 0.5 A solutions, respectively. 

The gels in row C were prepared in a manner exactly analogous to the 
corresponding gels in row B. The gels in Cl, C2, and C3 were each covered 
with 0.8 A ferrous sulfate solution; C4, C5, and C6 were covered with A, 
0.5 A, and 0.3 A ferrous sulfate solutions, respectively. 

All the ferrous salt solutions were changed each day for three days and 
then every other day until three more displacements had been made. 
Following this they were permitted to stand three weeks with a replacement 
of the solution once each week. The photograph was taken at this time. 

DISCUSSION 

A comparison of the bands produced in row A with either row B or C 
shows that the gels made from gelatin shown in row A were decidedly 
inferior for the production of bands. The gels made from gelatin (row A) 
produce less*well-defined bands than those pictured in rows B and C where 
silica gel was the diffusing medium. This is probably due to the fact that 
gelatin offers a decidedly different diffusing medium than the silica gels. It 
appears, therefore, that the distinct banding of ferrous carbonate is specific 
for silica gels. 

In comparing A1 and A2 in which the gels were made 0.1 A with respect 
to sodium carbonate and covered with 0.8 A and 0.4 A ferrous ammonium 
sulfate, respectively, it can be seen that the strength of the ferrous salt 
solution covering the gel seems to have no effect on the ferrous carbonate 
banding. This same conclusion may be drawn in A3 and A4, where the 
gels were made 0.5 A with respect to ammonium carbonate and covered 
with 0.8 A and 0.4 A ferrous ammonium sulfate solutions, respectively. 
Comparing A3 and A4 with A1 and A2 it is seen that ammonium carbonate 
in place of sodium carbonate in the gel tends to decrease the banding effect 
obtained in A1 and A2 and more even diffusion (A3, A4) occurs. The addi¬ 
tion of 5 per cent glucose to a gel made from gelatin which is 0.5 A with 
respect to ammonium carbonate seems to decrease the formation of ferrous 
carbonate bands and to increase diffusion, as is evident in the comparison 
of tube A6 with A4. 

A5, which is identical with A6 except that the gel is covered with ferrous 
sulfate in place of ferrous ammonium sulfate, demonstrated the same dif¬ 
fusion effect as is produced in A6. 

Of the first three tubes in row B, the one containing the gel (B2) prepared 
by bubbling carbon dioxide for four minutes through the sodium silicate 
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solution (sp. gr. 1.03) showed the deepest diffusion and the most distinct 
banding of ferrous carbonate. (Bl, B2, and B3 were covered with 0.3 N 
ferrous ammonium sulfate solution.) For this reason gels prepared by 
bubbling carbon dioxide for four minutes were placed in tubes B4, B5, and 
B6 and were covered with N, 0.8 N, and 0.5 N ferrous ammonium sulfate 
solutions, respectively. Of these three gels (B4, B5, and B6) the gel cov¬ 
ered with normal ferrous ammonium sulfate solution gave the best banding 
of ferrous carbonate. 

A comparison of the tubes of row C indicates that gels covered with 0.8 N 
ferrous sulfate (Cl, C2, and C3) give much better banding than the other 
tubes of that row. These experiments show conclusively that better band¬ 
ing is obtained when the carbon dioxide-sodium silicate gels are covered 
with solutions of ferrous sulfate (row C) rather than ferrous ammonium 
sulfate (row B). 

A number of experiments were conducted using 2 per cent agar-agar gels 
made 0.5 N with respect to ammonium carbonate and sodium carbonate. 
Some of these gels also contained sucrose and glucose. These gels were 
covered with both 0.4 N and 0.8 N ferrous ammonium sulfate solutions. 
In all these experimental preparations very marked and rapid diffusion 
resulted with no banding whatsoever. 

Carbon dioxide-sodium silicate gels were also prepared from sodium sili¬ 
cate solutions of specific gravity 1.06 and 1.10 and covered with the iron 
salt solutions of various strengths. A very dense impervious layer of 
ferrous carbonate was deposited on the surface of the gel after a very slight 
diffusion, thus preventing any further diffusion or banding. The gels 
made from these denser sodium silicate solutions were quite opaque. 

Gels prepared from sodium silicate of densities less than 1.03 were not 
firm enough for any practical experiments. Likewise, iron salts of less 
than 0.3 N strength did not cause banding to any extent. Saturated solu¬ 
tions of these salts also resulted in no marked banding effect in the gels. 

Tube Cl shows the best banding of ferrous carbonate of any herein pic¬ 
tured. The gei employed here was prepared by bubbling carbon dioxide 
through sodium silicate solution. Ferrous sulfate solution covered the gel. 
This, then, shows conclusively that the peculiar banding of the iron forma¬ 
tions could have been brought about by the slow diffusion of ferrous sulfate 
(or, perhaps some other ferrous salt) as well as ferrous ammonium sulfate 
into a gel formed by the interaction of carbon dioxide, as well as basic ni¬ 
trogenous substances or carbonates, with sodium silicate solution. 
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The customary examinations of liquid mixtures (either isothermal or 
isobaric) have been time-consuming and tedious enough, almost to prevent 
an exhaustive study of any particular mixture. Theoretical chemistry and 
the industries dealing with distillation and solvents have alike required an 
extension of the information available at the present. The study of 
zeotropic or azeotropic mixtures and their pressure-temperature-compo¬ 
sition equilibria, requires a far greater fund of data than the literature 
affords. It would be desirable to have at hand not only a single isothermal 
investigation or two, but a “matte” of data from which we could construct 
at will any desired isobaric or isothermal diagram. Changes in the vapor 
pressure-temperature equilibria at constant composition in the liquid 
phase could be plotted from such data, and the heats of vaporization for 
any desired composition, pressure, and temperature combination could be 
calculated. Such a matte would allow an examination of the changes in 
the activity coefficients with the several variables of the system, and would 
permit predictions for any desired conditions or point (P-T-iV). These 
predictions are one of the prime purposes of any investigation. It is the 
purpose of this paper to present a method of securing sufficient quantities 
for any system by a more simplified and direct means. 

APPARATUS 

Figure 1 illustrates the apparatus used by the author. The distillation 
flask was of somewhat new design, permitting a rapid equilibrium to be 
reached between the liquid and vapor phases. The flask, which contained 
the main volume of the sample being studied, was made from a 500-cc. 
round-bottomed Pyrex flask. The condenser was, as far as the author 
was able to ascertain, of new design. It consisted of an inner cooling 
tube against which the vapors impinged. This was sealed within the 
outer condenser wall but was left open at the top to permit of a variety of 
cooling methods. It was stoppered and a continual flow of water used, 
or if necessary, it could be filled with dry ice and ether. Various other 
refrigerants may also be used. This permits distillations even at fairly 
low temperatures. The condensate from the vapor phase flowed through 
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a sampling trap and back into the liquid phase. The sampling tube for 
the liquid phase and the thermometer were placed in the ground glass 
stopper used for filling the flask. This stopper was securely held by a 
rubber-covered wire saddle. While no superheating was experienced in 
the apparatus, it can be prevented by etching the inside bottom of the 
flask with water glass (1). In order to prevent fractionation of the vapors 
before passing into the condenser, the upper half of the flask and the throat 
above it were insulated with asbestos rope wrapping. Control of the pres¬ 
sure was effected by a modified Victor Meyer mercury column regulator 
which could be rapidly changed in order to serve for control of pressures 
both above and below atmospheric. The pressure was adjusted to the 



Fig. 1. Apparatus Used in the Examination of Binary Liquid Mixtures 
1, trap; 2, pressure regulator; 3, drying towers; 4, buffer bottles; 5, manometer; 
6, thermometer; 7, distillation flask. 


desired point by raising or lowering the depth of the glass tubing in the 
mercury. Two large bottles of 4-liter capacity were included to increase 
the effective volume, thus preventing any noticeable fluctuation in the 
pressure during operation. 


PROCEDURE 

The system selected was toluene-ethyl alcohol. This selection was 
made partly because of previous work upon it (2), and because of the char¬ 
acteristics exhibited over the temperature range used and the ease with 
which it permitted the use of the refractometer as a means of analysis of 
the samples. Eleven samples, exclusive of the pure liquids and distributed 
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over the range in composition, were made up from purified liquids. Each 
sample contained about 300 cc. The sample was placed in the flask and 
the pressure adjusted to the lowest value, the solution heated to boiling 
and given a half hour to reach equilibrium. Ordinarily, however, equi¬ 
librium was reached in five to ten minutes. A constant thermometer 
reading was taken as the criterion of equilibrium. The distillation rate 
was regulated and noted by counting the drops falling from the bottom of 
the cooling tube in the condenser. The rate was regulated until the 
condensate in the trap changed completely in a minute’s time. The pres¬ 
sure and temperatuie were noted and the distillation stopped, and the 
pressure in the apparatus allowed to come to atmospheric level by use 
of the pinchcock. (Caution must be used when the pressure within the 
apparatus is greater than atmospheric. In this case the solution must be 
given time to cool sufficiently to prevent boiling when the pressure is 
released.) Dried air was forced into the apparatus to blow out samples of 
the condensed vapor phase and the liquid phase. These were analyzed 
by means of an Abb<5 refractometer and the remainder of the samples 
returned to the flask. The pressure was then adjusted 8 cm. higher and 
the process repeated on the same sample in the flask until the desired 
pressure range had been covered. 

No trouble was experienced with changing composition of the liquid 
phase by removal of the samples for analysis. The relative amounts 
removed were too small to be of any consequence. The same procedure 
was followed, of course, for each succeeding mixture. This procedure gave 
the variations in the pressure and the temperature and the change in the 
composition in the vapor phase in equilibrium with a non-variant liquid 
phase. Variation in the liquid phase was accomplished only by changing 
the sample under investigation. 

TREATMENT OF DATA 

The changes in vapor pressure with temperature for each sample were 
plotted as shown in figure 2, the pressure in millimeters being given on the 
ordinate and the temperature on the abscissa. It will be seen that this 
curve is similar to the vapor pressure curve for a pure liquid. The dotted 
line represents the composition of the vapor phase in equilibrium, at the 
various temperatures, with a liquid phase of constant composition, the 
mole fraction being plotted on the ordinate. In the system of ethyl 
alcohol-toluene, the change in the vapor composition above any sample 
was slight, and linear in relationship to the temperature. Best line values 
were then read from the graph and used to construct tables 1 and 2. 1 

1 While the data given in the tables are given to the nearest millimeter, a more 
recent study of the accuracy of the apparatus indicates that vapor pressures are 
correct to one-tenth of a millimeter. 
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From such a graph as figure 2, then, the vapor pressure and the composi¬ 
tion of the vapor phase in equilibrium with the liquid phase for that sample 
can be determined at any desired temperature. Since this plot gives any 
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Fig. 2. Changes in Vapor Pressure with Temperature 
Sample No. 10; mole fraction of toluene in liquid phase = 0.096 

minute variation in the pressure and the temperature, a plot such as figure 
3 can be constructed. Figure 3 is a group of isotherms whose values 
were read from the graphs of type figure 2. The vapor phase curves in 
figure 3 have been omitted in all cases excepting that for the 80°C. isotherm. 





EXAMINATION OF BINARY LIQUID MIXTURES 


237 


TABLE 1 


Isotherms for the system toluene-ethyl alcohol 


MOL* FRACTION TOLUENE 

TOTAI PRESSURE 

PARTIAL PRESSURE 

Liquid | 

\ apor 

75°C. 


1 

m m 


1 000 

1 000 

244 


0 893 

0 380 

444 

169 

0 769 

0 307 

677 

208 

0 648 

0 286 

688 

197 

0 557 

0 280 

698 

195 

0 457 

0 269 

707 

190 

0 375 

0 253 

715 

181 

0 274 

0 232 

722 

167 

0 233 

0 217 

724 

157 

0 155 

0 180 

724 

130 

0 096 

0 135 

716 

96 7 

0 043 

0 075 

699 

52 4 

0 000 

0 000 

666 1 

0 

80 °C. 

1 000" 

1 000 

289 7 


0 893 

0 379 

537 

204 

0 769 

0 301 

818 

246 

0 648 

0 271 

832 

226 

0 557 

0 270 

844 

228 

0 457 

0 262 

856 

224 

0 375 

0 245 

864 

212 

0 274 

0 223 

874 

195 

0 233 

0 209 

877 

183 

0 155 

0 175 

880 

154 

0 096 

0 130 

868 

113 

0 043 

0 074 

848 

62 8 

0 000 

0 000 

812 6 

0 

85°C. 

1 000 

1 000 

397 0 


0 893 

0 379 

642 

243 

0 769 

0 294 

990 

291 

0 648 

0 266 

1005 

267 

0 557 

0 260 

1016 

264 

0 457 

0 257 

1027 

264 

0 375 

0 236 

1037 

245 

0 274 

0 215 

1047 

225 

0 233 

0 200 

1052 

211 

0 155 

0 169 

1052 

179 

0 096 

0 126 

1047 

132 

0 043 

0 073 

1026 

74.9 

0 000 

0 000 

i 

986 3 

0 
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TABLE 2 


Isotherms for the system toluene-ethyl alcohol 


MOLF FRACTION TOI CENE 

Liquid j Vapor 

TOTAL PRESSURE 

PARTIAL PRESSURE 

60°C 



mm 


1 000 

1 000 

139 5 


0 893 

0 382 

240 

91 7 

0 769 

0 325 

367 

119 

0 648 

0 317 

373 

118 

0 557 

0 310 

382 

118 

0 457 

0 289 

387 

112 

0 375 

0 277 

390 

108 

0 274 

0 256 

395 

101 

0 233 

0 242 

397 

96 0 

0 163 

0 198 

397 

78 6 

0 096 

0 147 

388 

57 1 

0 043 

0 078 

375 

30 0 

0 000 

0 000 

352 7 

0 

65°C 

1 000 

1 000 

166 


0 893 

0 381 

301 

115 

0 769 

0 319 

455 

145 

0 648 

0 307 

466 

143 

0 557 

0 300 

472 

141 

0 457 

0 282 

477 

139 

0 375 

0 269 

481 

129 

0 274 

0 248 

486 

120 

0 233 

0 234 

487 

114 

0 155 

0 192 

488 

93 8 

0 096 

0 143 

480 

68 7 

0 043 

0 077 

466 

35 9 

0 000 

0 000 

436 9 

0 

70°C 

1 000 

1 000 

202 4 


0 893 

0 380 

367 

139 

0 769 

0 314 

557 

175 

0 648 

0 297 

569 

169 

0 557 

0 290 

572 

166 

0 457 

0 276 

584 

161 

0 375 

0 261 

590 

154 

0 274 

0 240 

592 

142 

0 233 

0 226 

598 

135 

0 155 

,0 186 

598 

111 

0 096 

0 139 

591 

82 2 

0 043 

0 076 

575 

43 7 

0 000 

0 000 

542 5 

0 
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Fig. 3. Isotherms for Toluene-Ethyl Alcohol 

It would be advantageous to give an example of the above use of the 
graphs. If the isotherm at 80°C. is desired, we proceed as follows: 

On figure 2, representing sample No. 10, we see that the composition 
of the liquid phase in mole fraction of toluene is 0.096. At 80°C., we 
find on referring to the curve that the total pressure on the system is 
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862.5 mm. This we plot on figure 3 for the isothermal diagram at 80°C., 
plotting the pressure against the mole fraction of toluene. The dotted line 
on figure 2 indicates that at the temperature of 80°C., the composition of 
the vapor phase in equilibrium with the liquid phase for sample No. 10 is 
0.130. This, too, is t hen plotted on figure 3. We then proceed in a similar 
manner with each of the remaining samples distributed over the range of 
mixture, and thus determine the complete isothermal diagram for the 
system at that particular temperature. 

DISCUSSION 

If the logarithm of the vapor pressure is plotted against 1/7 7 for each 
sample as shown in figure 4, the result is a straight line similar to the plot 
for a pure liquid. It will be recognized immediately that this is of great 
value, since the data can be extended by means of the straight line to any 
desired temperature or used for interpolation between values. The loga¬ 
rithms of the partial pressures of the constituents were then plotted against 
1/T as in figure 5, and the straight line was again obtained. This is to be 
expected, for if the total pressure plot gives a straight line, the two partial 
plots must do likewise. 

Data from Sameshima (3) and Cunaeus (4) for the system, acetone-ethyl 
ether, were plotted in a like manner and similar straight lines were found. 
Some data given by Schmidt (5) were also applied to such methods of 
plotting. In the system of benzene-carbon tetrachloride, the straight 
line relationships held true. The data for the system of benzene-toluene 
given by Schmidt were found to contain errors in the determination of the 
vapor pressures. The data given for the vapor pressures of pure toluene 
would not give a straight line when log P was plotted against l/T. Errors 
in the same direction were found to exist throughout the system at the 
same temperature. 

In the case of toluene-ethyl alcohol, the system was azeotropic, while 
the system of acetone-ethyl ether and that for benzene-carbon tetra¬ 
chloride were zeotropic. Evidently the principle holds for either type of 
liquid mixture. It becomes evident then, that the investigation of a binary 
liquid mixture requires only the determination of two pressure-tempera¬ 
ture-composition diagrams to completely outline the system. This could 
be most rapidly accomplished by determining two isobaric diagrams. 

Since the ethyl alcohol-toluene mixture is azeotropic, having a maximum 
in vapor pressure, a plot as in figure 4 gives some lines which are located 
higher than the line for the pure alcohol. However, the lines are not 
parallel, but vary between the slopes of the lines for the pure liquids and 
vary as the composition of the liquid phase is varied. Examination shows 
that the maximum occurs at a composition which changes with the tem¬ 
perature. If the straight lines were extended sufficiently, eventually all 
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Fig. 4. Total Pressure Iso-composition 


the maximum, or azeotropic point, is shifting so slowly that the tempera¬ 
ture at which this would happen would be quite high. Predictions made 
by the extensions of the straight lines obtained are accurate throughout the 




242 


W. ANDREW WRIGHT 


range where the pure liquids give a straight line when log P is plotted 
against 1/T, 



Fig. 5. Partial Pressures 
Sample No. 5; mole fraction of toluene — 0.467 


A liquid mixture! when outlined as described, becomes a versatile source 
of data. Aside from the prediction of pressure, temperature, and compo- 
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sition equilibria, graphs of the type of figure 4 have been used to calculate 
the heats of vaporization at any desired temperature and composition. 2 
Similarly, from the graphs of the type of figure 5 the partial heats of vapori¬ 
zation at any particular point were calculated. Studies on activities and 
activity coefficients can be made, prediction of the shift of the azeotropic 
point, etc. 


SUMMARY 

(1) In the study of liquid mixtures, the desirability of data in sufficient 
quantities to give a matte when plotted is pointed out. 

(2) An apparatus is described and the procedure outlined for the deter¬ 
mination of such data. 

(3) A very complete examination of the system, toluene-ethyl alcohol, 
has been made over a pressure range of 700 mm. and its attendant temper¬ 
ature changes. 

(4) As a consequence of the character of the data obtained, some gen¬ 
eralizations are made on the laws of liquid mixtures, permitting equilibria 
predictions and calculations such as the heat of vaporization or the partial 
heats of vaporization at any point. The generalizations made in the paper 
have been tested with data from the literature and further confirmation 
obtained of fheir value. 
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Our principal standards of electromotive force are: (1) the zinc (Clark) 
cell, ZnAm/ZnS 04 - 7 H 2 O, Hg 2 S0 4 /IIg; (2) the cadmium (saturated) cell, 
CdAm/CdS0 4 *8/3H 2 0, Hg^SLb/Hg; and (3) the Weston (unsaturated) 
cell, CdAm/CdS0 4 solution (saturated 4C.)/Hg2S0 4 /Hg. All these cells 
are built about mercurous sulfate as depolarizer and it is the unique proper¬ 
ties of this substance that have made these voltaic combinations useful 
standards (1). The mercurous sulfate has a solubility of about one gram 
in a liter in the cathode systems of these cells, while the amalgams of the 
anode system maintain the concentration of the mercury to something like 
10“ 10 gram per liter at the amalgam electrode surfaces (2). Therefore these 
combinations may be looked on as concentration cells. 

It is the function of the mercurous sulfate to maintain a definite concentra¬ 
tion of mercury at the mercury cathodes, while the amalgams maintain 
an equally definite concentration of mercury at the amalgam anodes. 
These concentrations are widely different so that there must be a continual 
diffusion of mercury ions from cathode to anode, and this diffusion is an 
important factor in the slow changes that take place in the e.m.f. of the 
cadmium and Weston cells (3). It has been shown (4) that neutral cad¬ 
mium sulfate solutions slowly hydrolyze mercurous sulfate but that the 
insoluble products of hydrolysis inhibit the reaction, and it is only as these 
products diffuse away to the anode that the hydrolysis becomes effective, 
so that it has become of interest to obtain more definite information on 
diffusion in standard cells. 

Properly constructed cells show their normal e.m.f. immediately they 
are filled, so that the mercurous sulfate promptly establishes its proper 
concentration at the mercury electrode. The amalgam or anode electro¬ 
lyte also promptly comes to equilibrium with a definite mercury ion concen¬ 
tration at the anode. The amalgam is able to maintain this concentration 
even when the mercury ions arrive by diffusion from the cathode, otherwise 
the arrival of the mercury ions at the anode would be accompanied by a 
change in the e.m.f. of the cell. The extended observations on zinc cells 
completely negative this proposition. It seemed of interest to have more 
information on the diffusion that actually takes place in standard cells. 
When a cell is freshly filled the electrolyte excepting that in the “paste” is 
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quite free of mercury ions, but the cathode mercury ions begin at once to 
diffuse toward the anode. The potential of the electrolyte at any point 
toward a mercury electrode depends on its mercury ion concentration, so 
that if we determine this potential we have a measure of the mercury ion 
concentration at the particular point. Now, amalgamated platinum has 
exactly the same potential as mercury, so we may use a small amalgamated 
platinum point to explore the electrolyte of cells. We may measure it 
against the anode or cathode of the cell and so determine the mercury ion 
concentration at any point in the cells, provided that we know the relation 
l>etwoen mercury ion concentrations and potentials in these solutions. 

This information we have obtained as follows. A saturated cadmium 
sulfate solution was rotated at 25.00°C. together with CdS0 4 *8/3H 2 0, 
mercury, and normal electrolytic mercurous sulfate (5) until no further 
change in concentration took place—two weeks. Two 100-cc. portions 
of the perfectly clear solution were removed for analysis and to each was 
added a very slight excess of 0.2 N IIC1. Under these conditions HgXJl* 
is one of our most insoluble precipitates. In the absence of mercury or a 
reducing agent the removal of the mercurous mercury does not disturb the 
mercuric mercury present. Instead of a tared filter paper disk previously 
employed (6) we used a small-sized Ncubaucr crucible with a minimum 
of sponge platinum filtering medium. 1 The Hg 2 Cl 2 coagulates, filters, and 
washes very satisfactorily. The Hg 2 Cl 2 is measurably volatile at 100°C. 
but may be satisfactorily dried in a vacuum desiccator at room temperature 
and the results are very exact (6). The two determinations checked quite 
closely, showing 1.122 grams Hg 2 Cl 2 from a liter of the saturated CdS0 4 
solution. This gives a calculated 0.9535 gram of mercurous mercury in 
one liter, or a concentration of 0.00238 molar. 

The filtrates and wash waters were made acid with hydrochloric acid to 
keep cadmium sulfide in solution and then the mercuric sulfide was precipi¬ 
tated, vacuum desiccated in the Neubauer crucible, and was found to weigh 
exactly 4 mg. from the 200 cc. of the saturated solution or 0.00354 gram of 
mercuric mercury from 200 cc. of the saturated solution. This is 0.01725 
gram of mercury in one liter, or 0.00086 molar. This indicated a ratio of 

Hg(ous) _ 0.9535 
Hg(ic) " 0.01725 * 

A portion of the above solution (saturated with CdS0 4 -8/3 H 2 0, Hg 2 S0 4 , 
Hg) was brought onto a mercury electrode and joined to a cadmium 
amalgam-cadmium sulfate half-cell (7). The e.m.f. of this combination 
at 25.00°C. was 1.019614 volts, confirming previous observations on the 

1 The weight of a large sponge of platinum is not so reproducible on vacuum desic¬ 
cation, but with our crucible we found the weight reliable to about 0.01 mg. 
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rotated cathode system of the cadmium cell (8). Now this voltage of 
1.019614 corresponds to a concentration of 0.9535 gram of mercuric mer¬ 
cury and 0.01725 gram of mercuric mercury in a liter of the saturated 
cadmium sulfate solution at the mercury electrode. By diluting the orig¬ 
inal solution with known volumes of a saturated CdS0 4 *8/3 H 2 0 solution, 
we had solutions of known mercury concentration and we observed the 
potential of each of these on a mercury electrode combined with the cad- 


TABLE 1 


SATURATION HOI UTION 

Ht> 2 + + PER I ITER 

Hr * r ft U 1 ITER 

EMI OI l FI L AT 25*C 

pir cent 

grant t 

gra m h 


100 

0 9535 

0 01724 

1 019614 

95 

0 9057 

0 01638 

1 019050 

90 

0 8581 

0 01552 

l 018718 

85 

0 8104 

0 01465 

1 018082 

80 

0 7627 

0 01378 

1 017593 

75 

0 7151 

0 01293 

1 016828 

70 

0 6674 

0 01207 

1 018790 

65 

0 6197 

0 01121 

1 015093 

60 

0 0721 

0 01035 

1 014288 

55 

0 5244 

0 00948 

1 013208 

50 

0 4767 

0 00862 

1 01160 

45 * 

0 429 

0 00776 

1 010548 

40 

0 3814 

0 00689 

1 009058 

35 

0 3337 

0 00603 

1 004985 

30 

0 2860 

0 00517 

1 002533 

25 

0 2384 

0 00431 

1 001543 

20 

0 1907 

0 00343 

0 995340 

15 

0 143 

0 00259 

0 993793 

10 

0 09535 

0 00172 

0 988510 

5 

0 0477 

0 00086 

0 993793 

4 

0 0381 

0 00068 

0 979933 

2 

0 0191 

0 00034 

0 971973 

1 

0 0095 

0 00017 

0 962901 

0 8 

0 0077 

0 000136 

0 963453 

0 6 

0 0057 

0 000102 

0 961043 

0 4 

0 0038 

0 000068 

0 955143 

0 2 

0 0019 

0 000034 

0 950343 


mium amalgam half-cell. We thus had the cadmium cell combination with 
known concentrations of mercury at the cathodes. Obviously from e.m.f. 
values such a table (table 1) gives the mercury concentration at the cathode 
of any cadmium cell as accurately as we have knowledge of the mercury 
concentration of our original solution. 

From table 1 it is of interest to note that the cadmium cell with an e.m.f. 
of 1.01808 volts at 25°C. has a solution next to the mercury electrode which 
had 0.8104 gram of mercurous mercury and 0.01465 gram of mercuric mer- 
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cury to the liter. This is only 85 per cent of the concentration obtained by 
saturating a saturated solution of cadmium sulfate at 25°C. with normal mer¬ 
curous sulfate in the presence of mercury. Here is further evidence that the 
cathode systems of our cadmium cells are not equilibrium systems. Indeed 
it is only necessary to stir the paste of any seasoned cadmium cell (9) 
to observe a marked increase in e.m.f. followed by a subsequent decrease 
with the e.m.f. dropping below the normal value, which is quite conclusive 




Fig 1 


Saturate! 
CdS a* ^M,0 

•olut ion. 


caso* y s H t o 


Cad TM.U.'rn 

•.-malgam 


proof of the instability of this cathode system and confirms the conclusions 
drawn from the rotation experiments (7). 

With the information in table 1 we may unseal any cadmium cell and 
explore the mercury concentration at any point in the electrolyte or paste. 
Amalgamated platinum has the same potential as mercury. We only need 
a minute amalgamated platinum point. By placing such an electrode at 
the desired point in the cell and measuring its potential against the anode 
from this e.m.f. the table gives the exact concentration of mercurous and 
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mercuric mercury at the point in question. It was of interest now to open 
cells of different ages and observe how diffusion had progressed. For this 
purpose two cadmium cells with electrolytic mercurous sulfate as depolar¬ 
izers made up according to specifications developed in this laboratory were 
selected (10). One cell, A138, was made in 1914 and the other, G3, was 


TABLE 2 


LOCUS 

EMF 

Hfc 

PER CENT NORMAL 

Cell G3 



vtg per liter 


Cell itself 

1 018140 

817 

102 

0 

1 01791 

793 

98 

1 

1 00812 

372 

45 7 

2 

1 00697 

358 

44 2 

3 

1 00659 

354 

43 7 

4 

1 00591 

345 

42 1 

Cathode 




7 

1 00437 

323 

40 

8 

1 00435 

320 

39 5 

9 * 

1 00431 

320 

39 5 

10 

1 00428 

320 

39 5 


Cell A138 


Cell itself 

1 01804 

807 

99 5 

Cathode 




0 

1 01727 

740 

91 3 

1 

1 01737 

745 

92 1 

2 

1 01735 

745 

92 

Anode 




7 

1 01738 

747 

93 15 

8 

1 01735 

745 

93 

9 

1 01735 

745 

93 

10 

1 01739 

749 

| 93 1 


made in 1928. These cells maintained at 25.00°C. were unsealed and the 
amalgamated point was placed at positions indicated in figure 1. The fol¬ 
lowing observations (table 2) and deductions were made. 

It appears that diffusion does not attain a steady state in four years 
in the cadmium cell, but docs inside of eighteen years. There is a distinct 
concentration gradient in the four year old cell but practically none in the 
eighteen year old cell. An interesting observation in cell A138 is that the 
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concentration of mercurous mercury in the paste is less than that at the 
surface of the mercury electrode. This may well be due to the presence of 
much finely divided mercury in the paste, a factor we will consider in a 
subsequent article. 

The above experiments do not give a very good idea of the rate of diffu¬ 
sion in newly constructed cells when it is a maximum. To get a clearer 
picture of this region we observed a cell constructed as follows. The usual 


TABLE 3 


TIME 

EUl 

Hu, 

PER (ENT NORMAL 

days 


mg ptr liter 


0 

1 019610 

953 45 

117 6 

1 

1 019053 

905 72 

111 7 

2 

1 018897 

895 0 

109 00 

6 

1 008719 


47 0 

7 

1 005744 


38 4 

11 

1 00120 

236 

29 1 

20 

0 99934 

222 

27 3 

36 

0 991857 

124 

15 3 

53 

0 980871 

50 

6 15 

61 

0 964187 

9 53 

1 08 

74 

0 956526 

7 15 

0 88 

100 

0 946194 

2 38 

0 29 



mercury and 10 per cent cadmium amalgam electrodes were used but no 
paste or mercurous sulfate or cadmium sulfate was introduced into the cell. 
Instead, a saturated solution of these salts only was employed. The 
system (CdS 04 *^ / 3 H 2 0 , Hg 2 S 04 , Hg, H 2 0) was rotated at 25°C. for four¬ 
teen days and the clear solution taken to fill the cell. The observations are 
given in table 3. The cell had the high e.m.f. observed in the rotation ex¬ 
periments. Evidently the cadmium amalgam promptly reduced the 
mercury ions in its vicinity to the equilibrium concentration. Diffusion to 
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DIFFUSION IN STANDARD CELLS 
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the anode began as soon as the cell was filled, and inside of twenty-four 
hours the diffusion began to affect the cathode potential, resulting in a 
decreased concentration at the mercury electrode. After six weeks the 
rate of this drop is pronounced, and in some three months there are exceed¬ 
ingly few mercury ions left about the cathode, so that this cathode poten¬ 
tial is approaching the equilibrium value of mercury in saturated cadmium 
sulfate solution (11). 

Further information was sought by observations on some special cad¬ 
mium cells with a long connecting tube between anode and cathode, 31 cm. 
long and 10 mm. diameter (figure 2). This connecting tube carried small 
mercury electrode pockets spaced 45 mm. apart so that it was possible to 
observe the mercury ion concentrations at these various stations along the 
cross tube and so the changes with time. One cell was made up with the 
standard electrolytic mercurous sulfate as depolarizer and the other with 
our crystalline (12) mercurous sulfate as depolarizer. The electrolyte was 
saturated at above 25°C., so that it deposited some CdS0 4 *8/3H 2 0 crystals 
along the cross tubes. The table given above gives the relation between 
e.m.f. and mercury ion concentration at the cathode. At 25°C. a cadmium 
cell with an e.m.f. of 1.01808 volts has a concentration of 810.43 mg. of 
mercurous mercury and 14.65 mg. of mercuric mercury to a liter of solution 
in contact with the mercury electrode. Taking these values as normal 
we have the observations given in table 4. 

It appears from these experiments that the diffusion of mercury ions in 
standard cells is of considerable magnitude and appears to be greater when 
the depolarizer is crystalline mercurous sulfate than it is when the electro¬ 
lytic, precipitate-like product is used for the paste. Evidently the crystal¬ 
line product is able more rapidly to replenish the ions that diffuse away. 
When hydrolysis of the mercurous sulfate is possible (4), as in the neutral 
cadmium or Weston (unsaturated) cells, diffusion may well be an impor¬ 
tant factor in e.m.f. changes. 
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SOME HEAT CAPACITY DATA FOR DURENE, PENTAMETHYL- 
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Received December 5, 1982 

A “radiation” calorimeter has been described in detail in a recent paper 
by Thomas and Parks (1). While this calorimeter was developed primarily 
for the measurement of the specific heats of boron trioxide glass at moder¬ 
ately elevated temperatures, it was later used very successfully in a study 
(2) of the heat capacities of eleven organic substances between room tem¬ 
perature and about 200°C. Continuing this latter application of the 
“radiation” calorimeter, we have now obtained specific heat and fusion 
data for the following four compounds: durene, pentamethylbenzene, stil- 
bene, and dibenzyl. 


MATERIALS 

Durene and pentamethylbenzene 

The samples of these two hydrocarbons were generously presented to us 
by Professor Lee Irvin Smith of the University of Minnesota. Details 
concerning them will not be given here, as their preparation and properties 
have been fully described elsewhere (3). The sharpness of their fusion 
curves indicated very satisfactory purity. 

Stilbene and dibenzyl 

These compounds were obtained from the Kastman Kodak Company. 
Two different samples of each compound were subjected to three or more 
fractional crystallizations from ethyl alcohol. The melting points of the 
best products were: stilbene, 124.4°C.; dibenzyl, 51.3°C. 

EXPERIMENTAL RESULTS 

Table 1 presents specific heat data for the solid and liquid states of the 
four hydrocarbons investigated. In each case a large number of indi /idual 
determinations (forty to one hundred) of the specific heats were made. 
From a plot of these results a smooth curve was then constructed, and 
from this the values given in the table were taken. In no case were the 
actual experimental points moro than two per cent off this curve. The 
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absolute accuracy of the tabulated mean values is believed to be within two 
or three per cent. 

The literature apparently contains no specific heat values for any of these 
substances within the temperature range of this investigation. However, 
our data fit fairly well with the results obtained in this laboratory at lower 
temperatures by use of the Nemst method with an aneroid calorimeter. 
Thus, for example, Huffman, Parks, and Barmore (4) report a value of 

TABLE 1 


Specific heat data for crystals and liquid 


TEMPERATURE 

DURENE 

PENTAMETHYI - 
BFV/ENE 

BTILBENE 

DIBENZYL 

degrees C 

calories per gram 

calories ptr gram 

calories per gram 

calories per gram 

30 

0 384 

0 431 i 


0 337 

40 

0 395 

0 443 

0 317 

0 351 

50 

0 410 

rn p 54 3°C 

0 328 

mp 51 S°C 

60 

0 421 

0 457 

0 338 

0 417 

70 

0 433 

0 464 

0 349 

0 425 

80 

m p. 78 9°C 

0 471 

0 360 


90 

0 487 

0 478 

0 370 


100 

0 493 

0 485 

0 381 


110 

0 499 

0 494 

0 391 


120 

130 

0 505 

0 504 

m p 124 4°C 

0 466 



TABLE 2 

Fusion and transition data 


SUBSTANCE 

NATURE OF 

TEMPERATURE 

HEAT EFFECT 


CHANGE 





degrees C 

calories per 

Durene 

Fusion 

78 9 

gram 

38 0 

Pentamethylbenzene 

Transition 

23 2 

2 9 

Pentame thy 1 benzene 

Fusion 

54 3 

19 9 

Stilbenc 

Fusion 

124 4 

36 9 

Dibenzyl 

Fusion 

51 2 

29 6 


0.383 calorie per gram for durene at 24.0°^ , while the curve for our present 
data, if extended, would lie about one per cent below this figure. 

Ihe four fusion values for these compounds, together with a result for the 
heat of transition of the pentamethylbenzene in the solid state, are given in 
table 2. For durene our result is in good agreement with a value (37.5 cal¬ 
ories per gram) calculated by Smith and MacDougall (3) from measure¬ 
ments of the freezing points of solutions of isodurene in durene and also 
with an experimental value (37.98 calories per gram) recently obtained by 
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Zeumer 1 in Professor Roth’s laboratory at Braunschweig. Likewise, our 
heat of transition of pentamethylbenzene compares favorably with the 
result (3.19 calories per gram) obtained previously by Huffman, Parks, 
and Barmore (4) with a Nernst calorimeter which had been designed for 
low-temperature work. However, our fusion value for stilbene is consider¬ 
ably lower than the 40.0 calories per gram reported by Padoa (5) and our 
result for dibenzyl is also somewhat lower than the values of Padoa (5) 
(31.0 calories per gram) and of Bogojawlensky and Winogradow (6) (30.4 
calories per gram). 

Before concluding, the authors wish to thank Professor George S. Parks 
(under whose direction the investigation was carried out) and Dr. F. O. 
Koenig for their interest and advice during the progress of the work. 

SUMMARY 

Data for the specific heats (in both the solid and liquid states) and the 
heats of fusion of durene, pentamethylbenzene, stilbene, and dibenzyl have 
been obtained with a “radiation” calorimeter. 
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COMMUNICATIONS TO THE EDITOR 

X-RAY STUDIES OF FATTY ACIDS AND OF MIXTURES OF FATTY 

ACIDS 

In view of the time-consuming nature of this work a preliminary report 
is given at this time. 

X-ray studies have been made of samples of the saturated normal fatty 
acids with ten to eighteen carbon atoms, and the large crystal spacings 
have been measured with great accuracy. (These samples, which repre¬ 
sent the purest acids now available, were prepared by Dr. J. Ruhoff and 
Dr. J. D. Meyer with Professor E. E. Reid in this laboratory in the course 
of an investigation which will be published shortly.) In comparison with 
similar studies (Francis, F., Piper, S. H., and Malkin, T.: Proc. Roy. 
Soc. A128, 214 (1930)) made with the purest acids previously available, 
we find definite deviations which do, however, not exceed one per cent. 

Francis, Piper, and Malkin have made a very interesting study of equi¬ 
molar mixtures of fatty acids containing n and n + 1 carbon atoms. Their 
results, expressed as simply as possible, indicate that a characteristic long 
spacing is obtained for such mixtures and that the spacing is the mean 
value of the spacings the pure components would have if they crystallized 
in the same modification (same tilt of the fatty acid molecules, which are 
parallel to the C-axes of the crystals). Since the building elements of such 
crystals are double molecules they propose the following explanation. In 
the case of the mixtures the double molecules are obtained essentially by 
combination of a long and a short single molecule. This theory did not 
appeal to us for various reasons. The experimental test is given by a study 
of mixtures in non-equimolar proportions. In the case of the mixture 
of Cio and Cn for instance, we have studied the whole range in ten equal 
steps. We find the equimolar mixture to be the actual mean of the Cio 
and Cn spacings, but any of the other mixtures gives also single, sharp 
spacings, which follow roughly a linear relation with the composition. 
Thus, it is obvious that the theory proposed does not hold, but that the 
phenomenon is analogous to ordinary mixed crystal behavior, the relation 
being approximately expressed by Vagard’s rule. 

That our point of view is correct is also indicated by »he fact that pre¬ 
vious work on various non-equimolar mixtures of Ci« and Ci 8 gives definite 
spacings varying according to composition between the values of the two 
components. (Piper, S. H., Malkin, T., and Austin, II. E.: J. Chem. 
Soc. 1926, 2310.) In this and other cases for mixtures of n and n + 2 we 
have found similar results. 
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For mixtures of the n and n + 3 acids we find, similar to Francis, Piper, 
and Malkin, mixed-crystal spacings. According to these authors such 
combination does not occur in mixtures of n and n + 4 acids. This is 
contrary to our results; the equimolar mixture of C H and Cis, for instance, 
gives the spacing of the Ci C acid. 

For two-component mixtures of acids of still larger differences in chain 
length we have not been able as yet to obtain appreciable mixed-crystal 
formation. 

It seemed of interest to study mixtures of a large number of components, 
for it was anticipated that in such cases mixed-crystal formation would be 
possible over a much wider range. Actually it was found that approxi¬ 
mately equimolar mixtures of the acids with n = 11, 13, 15, and 17, 
n = 10, 12, 14, 16, and 18, and finally a mixture of n = 10, 11, 12, 13, 14, 
15, 16, 17, and 18 in each case gave rise only to one definite combination 
spacing, this value lying between the two corresponding extremes and 
closer to the higher one. 

It seems that these experiments are important for the interpretation 
of x-ray diagrams of highly polymerized substances. Such bodies are in 
many cases assumed now to consist of chain-like molecules of varying 
lengths. Such systems were up to now not expected to yield any x-ray 
interferences connected with the chain length. Our results seem to indi¬ 
cate that this point of view must be modified. In an earlier paper (Ott, 
Emil: Z. physik. Chem. B9, 378 (1930)) it was shown that definite chain 
lengths could be assigned to certain polymer formaldehydes. Although 
the author was at that time inclined to his present outlook, it seemed safer 
to conclude, in agreement with the prevailing opinion, that the result indi¬ 
cated that such polymers were built up essentially of molecules of a given 
length only. At present it appears quite reasonable to consider the chain 
length mentioned as corresponding to an “average” length. This is of 
course in better agreement with the chemical experience. It is probably 
for the latter reason that Sauter (Z. physik. Chem. B18, 417 (1932)) 
attacks the view of the author; his evidence, however, is essentially nega¬ 
tive. This point shall be tested further in due time. At present it seems 
to us most essential to increase the knowledge concerning x-ray diffraction 
of such well-defined systems, which may serve as a model for high polymers. 
The results thus far obtained in this direction seem to favor our point 
of view. 

These investigations are being continued and with other coworkers 
extended to other groups of long-chain compounds. 

Emil Ott. 

F. B. Slagle. 

Department of Chemistry 
Johns Hopkins University 
Baltimore, Md. 
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BINARY SYSTEMS OF m-NITROTOLUENE AND p-NITROTOLUENE 
WITH NAPHTHALENE, p-TOLUIDINE, AND o-NITROPHENOL 

In a continuation of the studies of the binary systems of the various 
nitrotoluenes with a second component which have been carried on in the 
Department of Chemistry of the University of North Carolina the following 
systems have been investigated: ra-nitrotoluenc-naphthalenc, m-nitro- 
toluene-p-toluidine, w-nitrotoluene-o-nitrophenol, p-nitrotoluene-p-tolui- 
dine, and p-nitrotoluene-o-nitrophenol. The tcmperature-composition 
diagrams were determined by thermal analysis, using a calibrated mercury 
thermometer as the temperature-recording instrument. No compounds 
were obtained and the formation of solid solutions could not be detected. 
In plotting the logarithm of the mole fraction of solvent against the recip¬ 
rocal of the absolute temperature straight lines were obtained, showing 
that the systems are ideal in nature. The calculated heats of fusion 
(accurate to about 2 per cent), the eutectic temperatures, and the eutectic 
composition in mole per cent are given in the following table. 




HEAT Of 

FUSION 

EUTBf ril 

EUTIWUr 

KOI V ENT 

SOI UTE 

Solvent 

Solute 

TKMPKKA- 

TURK 

(OM POSITION 
(ROM ENT) 



cal or n * 
ptr molt 

colorirn 
ptr mole 

rf» (JTI f t C 


p-Nitrotoluene 

p-Toluidine 

3,970 

4,1.58 

15 9 

46 5 

p-Nitrotoluene 

o-Nitrophenol 

4,044 

4,183 

16 9 

47 5 

m-Nitro toluene 

p-Toluidine 

3,365 

4,012 

-2 6 

65 0 

w-Nitro toluene 

o-Nitrophenol 

3,432 

4,133 

-1 5 

68 0 

w-Nitro toluene 

Naphthalene 

3,022 

4,384 

4 8 

81 5 


H. I). Ckockfokd. 

N. L. Simmons, Jr. 

Department of Chemistry 
University of North Carolina 
Chapel Hill, N. C. 

CORRECTIONS 

The following corrections should be made in the article “Glass Electrode 
Determination of Sodium/’ appearing in This Journal, 35, .'1058 (1931): 
Page 3061, first line. For“mols Na()H”read“mols Nad,” and for“NaOH 
found” read “Nad found.” 

Page 3061, second line. For “4%” read “4.0%.” 

Page 3061. For “Fig. 2” read “Fig. 3,” and for “Fig. 3” read “Fig. 1.” 
Page 3062, eleventh line from the bottom. For “unchanged,” read 
“uncharged.” 

Page 3063. For “Fig. 1” read “Fig. 2,” and for “Fig. 2” read “Fig. 1.” 

F. Urban. 

Alexander Steiner. 
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Dans le champs solairc. By Paul Couderc. Encyclop&iie Gauthiers Villars, 1932. 

Written as a companion to the author’s Architecture de VUtuuers , the present vol¬ 
ume deals, as the title expresses, with the solar system—a rather ungrateful, banal 
subject, in the author's opinion, when compared with the newer and wider vistas 
opened in stellar astronomy. In order to preserve the sense of unity with the previ¬ 
ous volume, this one has been w ritten with the guiding principle that the methods 
as well as the results of astrophysics should be accorded the principal emphasis, 
while furthermore the relationship between the sun and its planetary system and the 
stellar universe at large should be clearly realized. 

It is natural, therefore, to find that the book differs considerably from most treatises 
on the same subject, and it is emphatically not a textbook. Some of these deviations 
render the book only more attractive—at least in the reviewer’s opinion, such as the 
historical introduction, and the rather detailed exposition of the various theories 
for the origin of the system. Some other features would seem to have just the op¬ 
posite effect, as, e.g., the unduly emphasized description of the earth and its atmos¬ 
phere, and the very brief, almost hasty, r6sum6 of the planets and their satellites 
which are accorded barely as much space as the subsequent description of the nearest 
stars, the mtftion of the sun among and with these, and that of the structure and 
motion of the galaxy as a whole—all of which would seem rather irrelevant in 
connection with the planetary system. More than one-third of the book is devoted 
to the sun, while comets and meteors, treated almost as an afterthought, coming 
after the description of the solar neighborhood, have no more than eleven pages 
allotted to them. 

Probably all this is due to the desire already referred to, to treat the subject matter 
from the point of view of astrophysics, and always in relation to the stellar universe. 
With these limitations in view one must admit that the author has succeeded very 
well, for the book is clearly and interestingly written and attractively illustrated. 
I believe, however, that it is a fair criticism to say that it lacks unity; the various 
chapters are somewhat disjointed, and give the impression more of separate articles 
written for different purposes. 

As to more specific criticisms: on page 36 one reads that it was Bowen , who cleared 
up the mystery of the Aurora line, while on page 81 one obtains the impression that, 
among others, the Harvard and Victoria Observatories concern themselves “more or 
less” with solar studies. The illustrations on the sun may well be called superb; 
several of those portraying lunar phenomena under high magnification, are, how¬ 
ever, distinctly mediocre. 

W. J. Luyten. 

Hydrogen Ions. By F. T. S. Britton. 22 x 14 cm.; pp. xvi + 5^9. London: Chap¬ 
man and Hall, 1932. Price 25 shillings (not 52 shillings as erroncousl} printed 
in the number for October, 1932). For review see volume 36, page 2687. 

Treatise on Sedimentation. Second edition. By William H. Tweniiofel and 
collaborators, pp. 960; 121 text figures: 8 chapters. Baltimore: Williams k 
Wilkins, 1932. Price: $8.00. 
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The book is a product of the work of the Committee on Sedimentation of the 
Division of Geology and Geography of the National Research Council. The first 
edition was published in 1926. The plan of the second edition follows closely that of 
of the first. Many specialists submitted manuscripts treating of the phases of sedi¬ 
ments and sedimentation most familiar to each of them. These manuscripts were 
organized and edited by Mr. Twenhofel and incorporated into a single volume. The 
result is a veritable mine of information on the various phases of sediments and 
sedimentary rocks. The chief advantage of this edition is that it gives a more com¬ 
plete list of footnote references, especially to foreign literature. The book thus 
provides in compact form, information that would otherwise require extended 
bibliographic search. It becomes a logical starting point for any investigation in¬ 
volving sediments and their relationship. 

Many subjects of interest to the student of physical chemistry are presented. 
These include such matters as the stabilization of hydrosols of iron and manganese 
by organic colloids; colloidal calcium carbonate and its influence in the formation of 
limestone; the amount and nature of colloidal silica in ground water, streams, lakes 
and seas, and the various modes of its precipitation; the transportation of matter in 
the colloidal state; the flocculation of colloids in brackish water and marine 
environments and the electrolytes instrumental in producing the reaction; the 
behavior of gels of silicious dioxide, hydrated aluminum oxide, hydrated ferric oxide 
and humic acid compounds in clayey sediments and soils; the nature and causes of 
stratification in colloidal sediments; and the colloidal ground-mass of coal. 

The reviewer considers this edition a more complete, better organized, and more 
authoritative contribution than the first edition. It contains few if any of the in¬ 
felicities of expression, misspellings and typographical errors which marred the 
earlier volume. It is a compilation that does much to advance an understanding 
of the many intricate problems confronted by all students of sediments. 

Geo. A. Thiel. 

Organic Chemistry. By Perkin and Kipping. Fifth edition, Parts I and II, com¬ 
pletely revised and rewritten, by F. Stanley Kipping and F. Barry Kipping, pp. 
614 + xxix. Philadelphia: J. B. Lippincott Company, 1932. 

This work comprises the first tw o of the three parts of the latest edition of an old, 
standard textbook on organic chemistry. In style and format, there is little change, 
but the subject material has been brought up to date and many of the chapters have 
been completely rewritten. There are useful summaries at the end of each chapter. 

Parts I and II cover the important aliphatic and aromatic compounds and related 
material, while in part III it is planned to cover various special branches of organic 
chemistry such as terpenes, cycloparaffins, and the like. 

The book is intended for use both as a text and a laboratory manual, but the di¬ 
rections for preparing substances in the laboratory are inserted in the text along with 
the descriptive matter. On page 614 there is a special index to these laboratory 
preparations, comprising about eighty laboratory experiments. 

The printing is well done, the paper is excellent, and the book is very readable. 
The index is quite adequate. 

Lee Irvin Smith. 

An Introductory Course in Physical Chemistry. By Worth E Rodebush. 22 x 14 
cm.; pp. xiii -f- 421. New York: D. Van Nostrand Company, 1932. Price: $3.75. 
“A generation ago physical chemistry was studied only by a few students who were 
particularly interested in the subject and who possessed some special aptitude for it. 
From such a modest beginning, this branch of chemistry has rapidly increased in 



NEW BOOKS 


263 


popularity. During the last decade more than a thousand students have studied 
physical chemistry at the University of Illinois.” Page v. 

“The material presented is about the same as will be found in the average course 
in physical chemistry, although the order is somewhat novel in that chemical equi¬ 
librium is taken up early in the course. This is a tremendous advantage from the 
point of view of logic and involves no difficulty for the student since he has become 
familiar with reversible reactions in his inorganic chemistry.” Page vi. 

The headings of the chapters are: the atom and the molecule; the kinetic theory 
of matter—gases; the kinetic theory of matter—liquids; the crystalline state of 
matter; laws of chemical equilibrium; equilibrium between different phases of a pure 
substance; solutions; surface chemistry ana solutions; equilibria involving ions in 
solution; conductivity; electrode potentials; the concept of entropy and the third law 
of thermodynamics; physical properties and molecular constitution; the rate and 
mechanism of chemical reaction; the atom; the molecule; the activation of atoms and 
molecules. 

The reviewer approves highly of treating equilibrium before reaction velocity. 
It is the only rational way to do things because there is or should be a relation between 
the stoichiometrical and mass law equations, whereas the reaction velocity equations 
do not necessarily tie up with much of anything. 

There are a number of other good things in the book. 1 ‘There are certain rules 
governing the formation of mixed crystals. The substances must be of similar struc¬ 
ture chemically. They must be isomorphous; that is, they must have the same crystal 
structure. The dimensions of the two lattices must be nearly the same. Sodium 
chloride and potassium chloride do not, to an appreciable extent, form mixed 
crystals at 2fc°C. because they do not satisfy the last condition. For miscibility 
in any proportion the difference between the dimensions of the two lattices can 
not exceed a few per cent. The tolerance is greater near the melting point.” Page 74. 

“In this chapter we have learned that chemical reactions do not take place between 
stable molecules, but between excited molecules, between fugitive aggregates such 
as hydroxyl, and often between atoms. For lack of a better term, we may charac¬ 
terize this branch of chemistry as the chemistry of the atom. It is still a compara¬ 
tively unknown subject. We do not know very much about the chemical properties 
or reactions of the atoms. For example, atomic hydrogen may act as an oxidizing 
agent and atomic oxygen may act as a reducing agent. It is evident that the chem¬ 
istry of the future will be very much the chemistry of the atom.” Page 340. 

“The metallic lattice is of the atomic type. Carbon forms an atomic crystal in 
diamond but diamond is not metallic in character. It is evident that one of the dis¬ 
tinguishing characteristics of the metallic lattice is that it is primarily not a valence 
type of crystal. In general the atom in a metallic lattice is surrounded by too many 
other atoms for valences to have much significance.” Page 398. 

“It is of course rather naive to suppose that any complicated set of phenomena in 
nature can be described exactly by a simple mathematical formula. Since van der 
Waals, literally hundreds of equations of state (any equation which gives the relation 
between pressure, volume, and temperature for any given mass of a substance is called 
an equation of state) have been proposed. Some of these are useful for specific cases 
but in general all are simply empirical formulas which fit the better the more adjust¬ 
able constants they contain.” Page 26 

“The summation of the quotient* obtained by dividing each quantity of heat by 
the absolute temperature at which it was absorbed depends only upon the states of 
the system before and after the change and is independent of the path by which the 
change takes place. This is an experimental generalization that is just as important 
as that underlying the first law.” Page 103. 
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The authors are a bit pessimistic over physical chemistry as chemistry. “As a 
matter of fact the ‘normal’ type of liquid consists chiefly of the common organic 
liquids with boiling points a little above room temperature, which are available in 
large numbers for experiment. One suspects that that is the reason they are called 
normal liquids.’* Page 55. 

“Everything said so far has referred to association in the vapor phase. We know 
very little about association in the liquid phase, although some authors have 
attempted to explain all deviations from ideal solution by association. Solvents such 
as benzene are sometimes termed associating solvents on the theory that solutes have 
a tendency to polymerize in these solvents, but there is no evidence to support 
this view. In fact as we have been at great pains to point out, we have no means of 
determining the state of polymerization of solute or solvent in solution.’’ Page 161. 

“It is a tradition in physical chemistry textbooks that some space must be devoted 
to osmotic pressure, although osmotic phenomena are of much greater interest to 
the physiologist than to the chemist.’’ Page 168 

“The typical strong electrolytes have certain characteristic physical properties 
such as high melting point and electrical conductivity in the pure liquid state. Hy¬ 
drogen chloride is a gas at 25°C. and when condensed to a liquid at low temperatures 
it shows no conductivity; yet it is a typical strong electrolyte in solution. The ex¬ 
planation for this is that an ionized salt H 3 0+ Cl" analogous to NH 4 + Cl“ is formed 
in solution.” Page 188. 

“In order to simplify the notation and get around the difficulty of the various 
unknown factors which are involved in dealing with equilibria involving ions, G. N. 
Lewis invented the concept of activity. The activity of an ion is defined as the total 
molality of the ion multiplied by an experimentally determined correction factor, the 
activity coefficient. By the ‘total molality’ of an ion we mean the molality calculated 
on the assumption that all electrolytes present in solution which contain the ion are 
completely dissociated. The activity of an ion, e.g., Cl~, is represented by the sym¬ 
bol [Cl ] and the activity coefficient will be represented by y. The relation is then: 

[Cl ] =* 7ci- w ci~ 

The activities are of course the effective concentrations which we shall use in the 
expression for the equilibrium constant of a reversible reaction involving ions. 

“The student may winder w r hat is to be gained by the use of empirical correction 
factors to make a mathematical relation true. The justification is that of utility. 
If we have values of y conveniently tabulated we can make accurate calculations of 
the equilibria where ions are involved.” Page 193. 

“When the concept of activity coefficient was introduced at the beginning of this 
chapter, it was expressly stated that only the mean activity coefficient for a pair of 
ions may be determined experimentally. This point needs to be recalled in connec¬ 
tion with the foregoing discussion of hydrogen-ion activity. Regardless of the method 
used for the determination of hydrogen-ion ‘concentration’ the only thing that can 
be determined directly is the mean activity of the hydrogen-ion and associated 
anion. Any estimate of the individual activity of the hydrogen-ion involves as¬ 
sumptions.” Page 218. 

“It has been proposed to determine the true transference number by adding a 
non-electrolytic substance as a reference solute. The reference solute is assumed to 
remain stationary and from its concentration at the end of the run the difference in 
the amount of water transferred by the tw o ions may be calculated. The assumption 
that the reference solute remains stationary is very probably not justified. In dilute 
solution the transfer of water causes a negligible error in the transference number.” 
Page 240. 
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“If a gradually increasing voltage is applied to a pair of inert electrodes m solu¬ 
tion and the current plotted against voltage we obtain a curve such as is shown m 
figure 77 It has often been supposed that if the straight part of the curve were 
extrapolated back to zero current the corresponding voltage would be the ‘decom¬ 
position potential * There seems to be no particular signific mce to this voltage, 
however ” Page 273 

“A fast dye is a contradiction in terms ” Page 289 “It has been known for a 
long time that photographic plates could be sensitized to green and red light by 
certain dyes The exact mechanism of this photosensitization is not known with 
certainty Since fluorescent d> es do not show this effect especially, it seems that the 
mechanism is not one in which radiation is re-emitted by the sensitizing agent “ 
Page 339 

“As we have learned more about the behavior of the itom we have been forced to 
the mevit ible conclusion that the energy that is associated with lights exists m cor¬ 
puscles that we call photons The number of photons in the beam is propor¬ 

tional to the intensity If w e know the original intensity of the beam and the char¬ 
acteristics of the grating we can calculate by the w ave theory the intensity m the 
diffracted beam, but all we shall ever observe in the diffracted beam is the number 
t)f photons transmitted per second Now if no medium exists for the transmission of 
light waves and we never observe these w aves directly, the question arises naturally 
as to whether these waves really exist This is a question, however, for the philos¬ 
opher rather than the scientist bo far as the scientist is concerned, the electro¬ 
magnetic theory of light is a mathematical theory which describes the behavior of 
light if one assumes a simple relation between the number of photons and the square 
of the amplitude of the wave, but the thing really observed is the number of photonB n 
Page 335 

The reviewer doubts whether the student will grasp the fact that the 2 in the phase 
rule equation refers to pressure and temperature, page 126 Iht paragraph on flota¬ 
tion, page 185, is surprisingly obscure On page 249 the authors prove that there is 
no potential difference between two metals 1 his is proving too muc h because there 
would then be no thermopiles Cannizzaro's name is spelled wrongly on pago 4 
“Pure water will dissolve a considerable amount of ether If sodium (blonde is 
added to the solution the ether will separate out as a second layer This ‘salting 
out effect' is easily explained in terms of dielectric constant An electrical charge 
attracts a medium of high dielectric constant in the same way that a magnet attracts 
material of high permeability, c g , iron Since the dielectric constant of water is 
so much greater than that of ether, the water is pulled into the field existing between 
the ions and the ether is thrown out ” Page 296 
This explanation does not seem to harmonize with the fact that if one added alcohol 
to a saturated sodium chloride solution, some of the salt is thrown out The dielec¬ 
tric constant cannot always be on the job 

Wilper D Bancroft 

Recent Advances m Atomic Physics By Gaetano Castelfranchi Translated by 
VV S btiles and J W T Walsh Vols I and II 20x13 cm ,pp Vol I xn + 372, 
Vol II xu -f 412 Philadelphia P Blakiston's Son and Co , 1932 Price 14 00 
each volume 

This is a translation of the third Italian edition with omission of the chapters 
on Brow man movement, relativity and mass, and astrophysics In the first volume, 
which deals with atoms, molecules, and electrons, the chapters are entitled atoms 
and molecules m physical chemistry, light, the kinetic theory of gases, fluctuations; 
electrons and positive rays, isotopes, x-rays and the atomic number, crystals; 
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radioactivity; the atomic nucleus. In the second volume, which deals with quantum 
theory, the headings are: thermal radiation and quantum theory; spectroscopy, 
Bohr's theory and the energy levels of the atom; Stark and Zeeman effects—multiplet 
lines—the spinning electron; specific heats; the photoelectric effect—the reverse 
effect—photoelectric cells and their applications; the Compton effect—light quants; 
magnetism and the quantum theory; wave mechanics and quantum mechanics— 
applications; the new statistics—applications. 

“The spherical electron, with the radius assumed above, is a pure supposition 
based on the hypothesis originally made; at present, however, it seems less necessary 
to consider the spherical electron with a fixed radius, since modern tendencies seem to 
lead to the conclusion—as we shall see in what follows—that the electromagnetic 
theory is no longer applicable to systems of atomic dimensions and therefore still 
less to electrons which are constituent parts of atoms; the structure of the electron 
is certainly one of the mysteries of contemporary physics " Volume I, page 146. 

From Sommerfeld's theory one can deduce that “the ratio of the thermal to the 
electrical conductivity of a metal is independent of the nature of the metal and is 
proportional to the absolute temperature.'' Volume I, page 178. 

“Thus, after the lapse of some years, the old hypothesis proposed by Prout at the 
beginning of the nineteenth century, viz , that the different elements are composecP 
of a single primordial material, has been restored onCe more to a place of honour; 
thus science, through a new discovery, and by a road quite different from that fol¬ 
lowed for several decades, has found—and not for the first time—the confirmation 
of an idea wdiich was originally put forward solely as a reasonable hypothesis." 
Volume 1, page 203. 

“Let us take a milligram of radium and observe its transformation. Why does 
one atom suddenly explode and die, why does another atom live for a day, another 
for a week, others for a month, a year, a century? If atoms are all alike, how is it 
that they are ‘healthy' and ‘unhealthy’ ones? At the present time physics is unable 
to provide an answer to this question. 

“However, since everv fact is connected with some other, from which it results, 
by the chain of cause and effect, according to our rational line of thought (< determina¬ 
tion) we are led to think that, in reality, there must be a complex universe in every 
atom, and, by reason of the intervention of causes not known to us, the death of an 
atom is occasioned from time to time. Exactly similarly, in considering the inci¬ 
dence of mortality in a city, we cannot know which individuals will die on the morrow, 
but we can know how ?nany f because the mathematics of probability has shown us 
how we may overcome our ignorance, our inability to take account of the extraordi¬ 
nary complication of elementary causes. We are here confronted with a practical 
problem which is insoluble, though perhaps not for ever." Volume I, page 302. 

“Planck's bold hypothesis, deduced by an involved process of reasoning from 
statistics and thermodynamics, received very careful consideration at the hands of 
the more enlightened physicists, the more profound thinkers of the time; neverthe¬ 
less in spite of the support of men like Einstein and Poinear6, it would probably 
have been relegated to the philosophy of physics and buried for all practical pur¬ 
poses, if certain experimenters had not been led to examine other phenomena, more 
simple and less abstruse, which indicated the existence of a discontinuity in nature 
which, until then, had been entirely unsuspected. While Planck in 1900 had simply 
asserted that the electrons emitted and absorbed energy in fixed finite quantities 
and shortly afterw r ards revised this new conception by restricting it to the process of 
emission, Einstein, in 1905/ daringly proposed the theory that these fixed and finite 
quantities of radiant energy retained their separate identities throughout their 
journey from the instant of emission to the instant of absorption. In chapter VI 
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we shall examine this reasoning, but for the present we shall confine ourselves to 
mentioning the fact that the latest developments of physics have confirmed the idea 
that in all elementary phenomena, i.e., those which concern a single atom, a single 
molecule, or a single electron, the discontinuity postulated by Planck is found to 
exist; in such elementary phenomena Nature proceeds by jumps or degrees; in macro¬ 
scopic phenomena this discontinuity is hidden and it remained unsuspected by 
physicists for centuries.” Volume II, page 28. 

“Niels Bohr, with whose work we shall, in the main, be concerned in this chapter, 
is not one of those specialists who multiply experiments in a small field without re¬ 
gard to the close relations betw’een the different branches of science. He pos¬ 
sesses in high degree the research spirit, coupled with a mental audacity w r hich has 
enabled him to throw off the old methods and worn-out conceptions, to find new 
approaches to a higher and more general view’ of phenomena The experimental facts 
themselves are of course indispensable to the progress of science. They may in fact 
be regarded as the bony skeleton which resists the test of time. But, in the face of 
the mass and variety of observed phenomena, the intelligence would be overwhelmed 
and science would crack under the weight of material if it were not for the appearance 
from time to time, of a bold innovator with the theory which will harmonize and re¬ 
group the facts of experiment and predict new r phenomena.” Volume II, page 32. 

“When a gas is irradiated with light of frequency greater than the resonance 
frequency, the return of the atom from the excited state to the normal may occur in 
stages. This is the phenomenon of fluorescence.” Volume II, page 99. 

“At low temperatures the atomic heat of solid substance is proportional to the 
cube of the absolute temperature, a result which Schrodinger has verified conclusively 
for various Substances in a temperature range extending from 20° to 50° absolute.” 
Volume II, page 153. 

“Compton observed that, when a beam of X-rays fell on a body, the frequency 
of the scattered radiation remained unaltered in the direction of the incident rays, 
but became low’er in other directions and depended on the angle of deviation.” 
Volume II, page 196. 

“If the luminous intensity is very high, the electromagnetic theory provides a 
means for calculating exactly both the luminous intensity at different points in space, 
and the variations produced by the superposition of the w’avcs, variations which agree 
with those calculated directly from Planck’s formula which, in its turn, is based upon 
and is in accordance with experiment. In the case of very low intensities, however, 
the formula giving the variations indicates that radiation must be regarded as 
composed of a collection of discrete particles, but nevertheless the electromagnetic 
theory—although of a kind which seems quite alien to the problem—enables the dis¬ 
tribution of the light quants to be determined whether they be numerous or few. If, 
then, we abandon any attempt to determine the path of a single light quant between the 
moment and the place of its emission, and the moment and pl**ce at which it arrives 
at the measuring apparatus (the sensitive plate), the electromagnetic theory pro¬ 
vides us with the means for determining the average number of light quants which 
reach a given point of an optical system however complicated. The luminous inten¬ 
sity, then, is simply the probable distribution of the photons.” Volume II, page 
222 . 

“It appears at first sight, therefore, that the observed magnetic moments should 
be multiples of the Bohr magneton. In reality they are much more complex, because 
the atom, in addition to the magnetic moment due to the orbital motion of the elec¬ 
trons, possesses also another magnetic moment which is the resultant of moments 
associated with the electrons themselves. We shall see, however, that the mag¬ 
neton theory is in fact valid and the magneton is obtained experimentally with 
the value just calculated.” Volume II, page 245. 
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“Whilst de Broglie and Schrodinger had tried to discover the laws of atomic 
phenomena in the light of classical methods, and to bridge the gap separating the 
quantum mechanics of atoms from classical physics, Heisenberg—a few months be¬ 
fore the appearance of Schrodinger’s first paper—started out from the opposite idea. 
He considered that only a definite renunciation of the deeply-rooted classical rep¬ 
resentation could lead to a proper understanding of the regime obtaining in the 
atom. He was convinced that, as a fundamental principle in atomic physics, any 
attempt at explanation was pointless and without meaning, and that all magnitudes 
not susceptible to direct observation should be excluded from atomic theory.” 
Volume II, page 314. 

“One of the fundamental characteristics of the history of Science in recent years 
has been, strangely enough, to show that every explanation founded on the classical 
mechanics is quite untenable throughout the whole range of electricity, magnetism 
and optics, which latter has been proved by Maxwell and Hertz to be a branch of 
electromagnetism. 

“The process of unification, although checked by this discovery, has not been 
entirely destroyed, but it has had to proceed in the opposite direction; relativity 
showed that it was not the simplest phenomena of mechanics (those that were studied 
and classified first of all) which were the most fundamental in character; after Ein¬ 
stein’s genius had elucidated matters the opposite Was seen to be the case: elec¬ 
trical and magnetic phenomena are the simplest and these lead to a mechanics 
which is more precise and more complete than the old mechanics. 

“Another new and unexpected development of recent years is the discovery of 
discontinuity in every branch of atomic physics; it is the mysterious law of quanta 
which reigns supreme, and the discontinuity of atomic phenomena lies at the root of 
optics, electricity, magnetism and heat; Planck’s constant, appearing as it does 
in the most diverse phenomena, has brought out new connections between different 
branches of physics. Through Heisenberg’s principle it shows what is the region 
of error, of inaccuracy inevitable in human observation, when we are investigating 
atomic phenomena.” Volume If, page 393 

Wilder D. Bancroft. 

Neure Forsehungcn iibcr die optische Aktivildt chemisehcr Molekiile. By G. KortOm. 

25 era. x 16 cm.; pp. 118. Stuttgart: Ferdinand Enke, 1932. Price: R.M. 11.10. 

After more than a century of effort, the physical theory of optical rotation is still 
in the melting-pot. The fundamental basis for this theory was provided in 1824, 
when Fresnel showed that the optical rotatory power of media such as quartz or 
turpentine could be explained by postulating that the velocity of transmission of 
circularly-polarized light in the medium was not the same for circular polarizations 
of opposite signs. The unequal refraction of right and left circularly-polarized light, 
which results from these unequal velocities, was detected by direct measurements 
with a quartz prism of wide angle, compensated by two prisms of glass; and it is 
now a well-established practice that, in constructing optical apparatus, d and 
l quartz prisms must be used in pairs, in order to avoid the double images which 
would be produced if the circular double refraction were not compensated in this way. 

The influence on optical rotatory power of variations in the wave-length of the 
light was investigated in the earliest experiments of Biot, who propounded an inverse 
square law, a — k/\* as long ago as 1818. A theoretical foundation for these obser¬ 
vations was, however, not provided until 1898, when Drude invented a model in which 
the electrons in an asymmetric medium were assumed to vibrate in spiral instead of 
linear paths. On this basis he deduced his well-known equation, a =» vkn/Q^-M), 
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where A n is a wave-length corresponding to one of the natural periods of the vibrating 
electron, and k n is a constant which expresses the magnitude of the partial rotation 
thereby produced. This equation was checked by a comparison with the data for 
quartz; but the study of rotatory dispersion had fallen so completely into abeyance 
(as a sequel to the introduction of the sodium flame as an easy source of mono¬ 
chromatic light) that no data at all were available whereby the validity of the formula 
could be tested in the case of any of the thousands of optically-active organic com¬ 
pounds in which chemists had demonstrated the existence of optical rotatory power. 
It was this gap that the reviewer set out to fill by a series of studies of rotatory dis¬ 
persion which have been in progress during the past twenty years. As a result it 
has been proved that Drude’s formula expresses the rotatory dispersion of a large 
range of organic compounds with perfect accuracy over the range of wave-lengths to 
which they are transparent, and that anomalous rotatory dispersions can be repre¬ 
sented with the same precision us normal rotatory dispersions, by making use of two 
terms of opposite sign. 

In order to express the rotatory dispersion of a medium in the region of absorption, 
Drude in 1906 reintroduced a “damping factor” which he had omitted in the simplified 
equation cited above. He thus provided a theoretical basis for the well-known Cotton 
effect, which had been discovered in 1896, namely an unequal absorption of d and 
l circularly polarized light, which Cotton described as “circular dichroism,” and 
a loop in the curve of rotatory dispersion within the same range of wave-lengths. 
More recently, Dr. Werner Kuhn, following up the work of Born and Oseen, has 
shown that a similar pair of equations can be deduced from a model in which optical 
rotatory power is attributed to an unsymmetrical coupling of electrons, such that 
when one electron moves in a north-and-south direction the other moves east-and- 
west. These equations, however, do not represent the real form of the experimental 
absorption curves, nor of the curves of circular dichroism and of rotatory dispersion 
in the region of absorption. A “damping factor” that can be used to interpret the 
effect of “forced vibrations” over a narrow range of frequencies, could in fact scarcely 
be expected to cover an absorption extending over a range of perhaps 1000 A. 

This difficulty was surmounted in 1915 by Bruhat, who obtained an approximation 
to the real form of the absorption-curve for carbon disulfide by combining jive com¬ 
ponents of the “damped vibration” type, and was thus able to deduce the form of 
the curve of refractive dispersion in the region covered by the absorption band. 
By a similar process, Kuhn has deduced an equation for the rotatory dispersion pro¬ 
duced by an active absorption band of a form which corresponds with a probability- 
distribution of frequencies in the band. This equation has been checked against 
his own experimental data; but, since absorption bands which are steeper on the 
side of shorter w r ave-lengths are so uncommon that the reviewer cannot recall any 
example of this type in a long experience of the absorption spectra of organic com¬ 
pounds, it is unlikely that an equation based on this type oi absorption can rep¬ 
resent the final goal in the investigations of rotatory dispersion. 

The twm models cited above lead to an identical numerical relationship between 
circular dichroism and rotatory dispersion in the region of absorption. Kuhn's 
equations, however, make it possible also to deduce numerical values for the dis¬ 
tance between the coupled electrons, which are generally latger (and some times 
grotesquely larger) than the extreme diameter of the optically-active molecule. 
There can, indeed, be little doubt that both models are merely provisional, and are 
likely to be superseded in the near future by a wave-model which will provide a 
more realistic basis for the same equations. The present position, is, however, 
so interesting that there is a w idespread demand for an expression in clear and 
simple terms of the fundamental principles involved in the theory of optical rotatory 
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power. For this purpose the monograph now under review is altogether excellent, 
since the essential points are lucidly discussed, without introducing unessential 
equations, which would merely repel or confuse the non-mathematical reader. The 
monograph is indeed an almost ideal example of the way in which physical theory 
should be presented to chemical readers, and recalls the masterly way in which under 
similar conditions the greater physicists (it would be invidious to mention their 
names) are able to leave their tools in the workshop and display their finished work 
in clear and vivid outline to a lay audience. 

In addition to the physical theory of optical rotatory power, the monograph 
gives an account of the way in which this property can be correlated with molecu¬ 
lar structure and with other physical properties of the molecule, such as its dipole 
moment, its molecular refraction, and the dissociation constants of the acids used in 
preparing derivatives of a parent-substance. Here again, it is impossible to praise 
too highly the thoroughness with which the author has searched the original litera¬ 
ture and reviewed impartially the many important contributions that have been 
made to the subject, especially since the modern period was initiated some thirty-six 
years ago, by the pioneer work of Drude and of Cotton on the physical side and of 
Pope on the chemical side. The bibliography of 234 entries will in fact be too useful 
to be overlooked by subsequent w riters on this subject, and evidence of its usefulness 
as a guide to the literature is provided by the fact that tw'o misprinted references 
from an earlier version of the bibliography have already been cited in a larger work 
on the same subject. The monograph may therefore be commended without reserve 
as an authoritative review' of the present position of the fascinating topic with which 
it deals. 


T. M. Lowry. 



THE ROLE OF FINELY DIVIDED MERCURY IN THE DEPOLAR¬ 
IZER OF THE STANDARD CELL 

R. B. ELLIOTT and G. A. HULETT 
Frick Chemical Laboratory, Princeton University, Princeton, New Jersey 
Received September IS, 198£ 

THEORETICAL CONSIDERATIONS 

Let us consider individually the chemical reactions capable of occurring 
at the cathode of a standard cell, in which both the mercurous and mercuric 
ions are present, and their corresponding e. m. f.’s: 

RT 

(a) 2Hg « Hg+ + + 2E; e.m.f. - 0 75 + — log OW); Eo - 0 75 volt 

RT 

(b) Hg - Hg++ + 2E; e.m.f. = 0 86 + — log (Hg> + ); E 0 - 0 86 volt 

Zr 

* RT (Hir ++ ) 2 

(c) Hg$ + = 2IIg ++ + 2E; e.m.f. - 0 91 + — log ; E 0 - 0 91 volt 

The value of the e.m.f. in all these cases is of necessity the same in the 
cathode limb of the cell but it does not necessarily follow that equilibrium 
prevails between all the ion species and the mercury. As we ordinarily 
consider the standard cell we assume that the cathode potential is governed 
by a very definite concentration of mercurous ions above the mercury sur¬ 
face. However it is far more complicated than this. We have seen (1) 
that if electrolytic mercurous sulfate is brought to equilibrium at 25°C. in a 
saturated cadmium sulfate solution in which mercury is present in large 
globules, the equilibriated solution contains a definite amount of mercurous 
and mercuric ion in the ratio 


Hg(oUB) 

Hg(ic) 


55.3 


Barring supersaturation it would be these concentrations of Hg* ++ and 
Hg++ which cause the standard cell as we know it to have its given voltage. 

Let us digress a moment on the influence of the various mercury ion con¬ 
centrations found experimentally (1) on the cathode potential. Normal 
catholyte contains 0.81043 gram of mercurous ion and 0.01465 gram of mer¬ 
curic ion per liter, the normalities being respectively AT Hg + = 0.00404 (as 
Hg++, Nn tt >+ =* 0.00202) and JVh*** ® 0.00007303. The former value is 
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very accurate. If we substitute these values in the above equations we 
obtain 

(a) for the mercury-mercurous potential: 
e.m.f. — 0.75 + ? 059*5 j og (0.00202) 

» 0.75 + 0 0296 (-2 69465) 

- 0.75 - 0.0765 
= 0 720 volt 

(b) for the mercury-mercuric potential: 

e.m.f. = 0 86 + log (0 00007307) 

- 0.86 + 0 0296 (-4 13694) 

= 0 86 - 0 122 

= 0 74 volt 

(c) for the mercurous-mercuric potential: 1 


n , 0 05915 . (0 00007307) 2 

E.M.F. = 0 91 + -j- 

= 0 91 + 0 0296 ((-4 13649) 2 - 2 69465) 
= 0 91 + 0 0296 (-5 58233) 

= 0 91 - 0 1645 
— 0 745 volt 


For the present considerations let us consider that the normal electrode 
potential in (a) is correct. Since we know the exact concentration of Hg 2 ' M ' 
by experiment the electrode potential 0.7205 volt must be correct, and for 
equilibrium to prevail the potential in (b) and (c) must also be 0.7205 volt. 
Consequently we can substitute this value back into equation b, 

„ , 0.05915 ... . 

E.M.F. = E oH- 0 log ( N HgW 


and determine the normality jV Hg ++. 


0.7205 - 0.86 + 0.0296 log (Hg‘ f ) 
— 0.1395 = 0.0296 log ATjjg+. 


log 


(0.1395) 


(0.0295) 

log Na g « = - 4.73 = 5.27 - 10 


NH t ** = 1862 X 10-“ 

Therefore from these theoretical considerations the ratio of Hg(ous): 
Hg(ic) would have to be, for equilibrium, 


. 4 039 X 10~ 3 
iVijg+> " 1.862 X 10~ 6 


216.7 (not divalentHg 2 ++ ) 


# 

1 The above normal electrode potentials have been taken from No. 8 of Der Ab- 
handlung der deutschen Bunsengesellschaft, calculated presumably from thermo¬ 
chemical and free energy relations. 
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If the Eq values are correct in all the above equations, the substitution of 
the adduced ratio in (c) above should give also the value 

0.7205 volt. 


, n . , 0 05915 _ (1 862 X 10-*)* 

e.m.f. * 0 91 H- -— log --- ~~ 

2 * (2 02 X 10-5) 

» 0 91 + 0 0296 ((—4.73002) 2 - 2 69465) 

* 0 91 -f 0 0296 (9 46004 - 2.69465) 

* 0 91 - 0 1995 
- 0 7105 volt 


This value is in quite good agreement with that which we should expect 
from the afore deduced concentration of mercuric ions. These calculations 
nicely corroborate the theory of the diatomic mercurous ion, Hg + —Hg + . 

Now the cathode potential in the standard cell will be governed by the 
highest of the three e.m.f. values calculated in (a), (b), and (c) preceding. 
To determine the relative importance of variations in concentration of 
mercurous and mercuric ions in the cathode let us inspect each equation 
separately* If the mercurous ion concentration changes tenfold either 
way, i.e., from 0.0040397 N to 0.040397 N or 0.00040397 N , the corre¬ 
sponding change in potential calculated from equation a would be 




0.05915 

2 


log 5.0, since 


(IWiIg + - AW0 ur =b 0 02% (0 (>9897) - ± 0 023 volt 

and its corresponding effect on the e m.f. of (c) would be even less. Any¬ 
how, a tenfold change in the mercurous ion concentration is quite impossible 
in view of the slight solubility of IfeSOi. (A maximum increase in the 
Hg(ous) concentration to 117.6 per cent of its normal value has been re¬ 
corded (1). If, however the mercuric ion concentration is changed tenfold 
either way, i.e., from 0.00007307 N to 0.0007307 AT or 0.000007307 N (this 
is very possible in view of the high solubility of HgSO»), the corresponding 
change in potential, calculated from equation b, would ue 

± 0X591 log 00)* _ 0 0296 (l x 2 ) » ± 0.05915 volt 
I (/ 


giving this effect preponderance over all others. Furthermore, an' r gain in 
the concentration of the mercuric ion would likely be at the expense of the 
concentration of the mercurous ion and a tenfold increase in the former 


would have an even greater effect on the ratio 


(Hg++)’10* 


(Hg 2 ++) 

fore on the electrode potential than 0.05915 volt. 


than —, and there- 
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EXPLORATION OF OLD CELLS BUILT UNDER OXIDIZING AND ANTI-OXIDIZING 

CONDITIONS 

In 1928, cells were constructed by Dr. W. C. Gardiner (2), the contents of 
some of which were saturated with hydrogen and others of which were 
saturated with oxygen. The purpose of the cells was to determine whether 
or not the atmosphere oxidized the mercurous sulfate and changed the 
cell values. Two representative cells were carefully opened and the 
e.m.f. was explored at various points in the electrolyte by means of an 
amalgamated electrode (1). The cells showed only the usual concentra- 
ton-gradient of mercurous ion, the e.m.f. 's being practically identical 
through both solutions. If atmospheric oxidation were a factor the 
the e.m.f. throughout the solution saturated with oxygen would certainly 
be much greater than that throughout the solution saturated with hydrogen, 
owing to the greater Hg(ic) :Hg(ous) ratio in the first one. 

BEHAVIOR OF CELLS WITH FINELY DIVIDED MERCURY PRESENT 

Theoretical considerations 

That metallic mercury reduces mercuric mercury more or less completely 
to mercurous mercury can be proved by the formation of a white precipi¬ 
tate of mercurous chloride on the surface of clean mercury when the latter 
is introduced into a solution of mercuric chloride. In fact this is one of 
the laboratory methods of preparing calomel. 

The ratio Hg(ous) :Hg(ic) is controlled by the equilibrium of the reac¬ 
tion Hg++ + Hg = Hg 2 ++. Mercury, being present in large quantities, is 
the stabilizing factor in this equilibrium but it can, by virtue of its globular 
size, change this ratio to an appreciable extent. We have already calcu¬ 
lated the maximum ratio of Hg(ous) :Hg(ic) as 216.7 from a thermodynamic 
standpoint entirely. This ratio corresponds to that created by a large 
body of liquid mercury and would be the same whether the equilibrium 
was approached from a solution of pure mercurous ion or mercuric ion. 

Lewis and Randall (3) have deduced an equation, 


showing the reciprocal relationship between the increase in free energy of 
a drop of liquid and its radius. In the equation F is the molal free energy 
of the drop, F° that of a large body of the liquid, y is the surface tension of 
the large body of liquid, V is the molal volume, and r is the radius of the 
drop. 

Qualitatively, thus, Hg would become increasingly more important in 
the equation Hg ++ + Hg = Hg 2 ‘ f+ as its state of subdivision increased, 
i.e., as its nulius decreased, and we should expect a greater ratio of Hg(ous): 
Hg(ic) or a lower electrode potential as a result of this. 
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EXPERIMENTAL 


By mechanical agitation one can obtain mercury in a sufficiently small 
state of subdivision to detect the change in e.m.f. resulting, but barely so. 
One has to resort to chemical means to obtain mercury globules of small 
enough radius to observe an appreciable effect. 

To obtain mercurous sulfate absolutely free from mercury is a difficult 
task. The electrolytic and chemical preparations almost invariably con¬ 
tain some free mercury. The crystalline product should contain none but 
it is difficult to prepare by the usual recrystallization methods. A simple 
method (4) has recently been devised whereby gaseous sulfur dioxide is 
allowed to diffuse skmly into a sulfuric acid solution ( 1:6 acid) which is 
about 75 per cent saturated with respect to mercuric sulfate (about 350 
grams per liter). If the sulfur dioxide diffusion is slow enough the HgjiSCh, 
which is formed by reduction and is comparatively insoluble in the acid, 
does not come out as a precipitate but grows into well-formed plates. This 
material must be well washed with 1:6 H 2 SO 4 and the electrolyte to be used. 

Cells, whether cadmium or zinc, built with this mercury-free crystalline 
mercurous sulfate have high e.m.f. 's (taking the e.m.f. of mercury-laden 
electrolytic mercurous sulfate as normal). There arc two phenomena to 
consider^ with respect to the crystalline and electrolytic preparations. 
First, there is the effect of the particle size on the solubilities of two mate¬ 
rials. The crystalline material has an average size of 500 microns, while 
the electrolytic material has a particle size of 1 micron. On the basis of 
this we should expect the solubility (5) of the former to be less than that 
of the latter, and, in view of equation a above we should expect the e.m.f. 
of the former to be smaller than that of the latter. However, just the 
contrary is true of the e.m.f., and so it is necessary to explain the difference 
by virtue of the effect the interspersed mercury in the electrolytic material 
has on the Hg(ous):Hg(ic) ratio and the consequent change in e.m.f. as 
calculated from equation c. This second phenomenon masks the first one 
quite completely. 

The behavior of a typical saturated cadmium and zinc cell built with 
mercury-free crystalline mercurous sulfate, follows: 


Time after construction 

1 day 
5 days 
25 days 
46 days 
64 days 


Saturated cadmium cell 

1 018432 volts 
1 018327 volts 
1 018289 volts 
1 018256 volts 
1 018229 volts 


Saturated ttnc cell 

1 420234 volts 
1 420200 volts 

1 420214 volts 


The cadmium saturated cell shows the decline in e.m.f. characteristic of 
those cells made with large crystalline mercurous sulfate ( 6 ). 

The above data can be contrasted with the following data for two cells 
built with electrolytic Hg 2 S(> 4 : 
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Time after construction 

1 day 
7 days 
14 days 
21 days 
28 days 


Saturated cadmium cell 

1 018122 volts 
1.018114 volts 
1.018113 volts 
1 018114 volts 


Saturated zinc cell 

1.419980 volts 
1 420000 volts 
1 420004 volts 
1.420031 volts 
1.420034 volts 


During the course of our exploration of the e.m.f. at various points in 
the electrolyte of old cells, the e.m.f. in the Hg 2 S0 4 paste itself was exam¬ 
ined and almost invariably it was lower than the e.m.f. of the large mercury 
electrode below. The mercurous sulfate in these cells was electrolytic 
product and contained much free mercury of small globule size, but at the 
cell's mercury electrode surface only a very large area of mercury of a small 
degree of curvature was existent. In the paste, therefore, we should ex¬ 
pect the mercuric ion to be more repressed than at the surface of the 
mercury electrode and the e.m.f. to be smaller in the first case, which is 
observed. 


Cell (JO (4 \ours old) 
Cell G17 (2 vearH old) 
Cell G3 (4 years old) 


i. M K. Of tell 

1 018280 volt-, 
1 018140 volts 
1 018120 volts 


i Hr t. paste 

1 017930 volts 
1 014790 volts 
1 017910 volts 


The effect of very finely divided mercury on a cell's e.m.f. was empha¬ 
sized by preparing a very black mercurous sulfate by a prolonged passage 
of sulfur dioxide into an acid solution of mercuric sulfate and using this 
product in cells which gave very low e.m.f. 's. 


7 tine after construction 

1 day 
4 days 
11 days 
32 days 
47 days 


Saturated cadmium cdl 

1 017366 volts 
1 018036 volts 
1 018036 volts 
1 018103 volts 


Saturated zinc cell 

1 418589 volts 


1 419734 volts 


All of the cells built with this material show marked recuperative powers 
toward the normal e.m.f. 

A very light coating of finely divided mercury was deposited on a sample 
of clear crystalline mercurous sulfate by running two 5-cc. portions of 1:6 
H 2 SO 4 , 40 per cent saturated with sulfur dioxide at atmospheric pressure 
and room temperatuie, through the sample while on the filter. The crys¬ 
tals turned gray on the surface. Acid saturated cells were made of this 
material. The electrolyte was about 0.08 molar in H 2 SO 4 to prevent effects 
due to hydrolysis These cells likewise had low original values. 

Time after construction e.m.f. e m f. corrected to neutral solution 

1 day , 1.016840 volts 1 016972 volts 

3 days 1 017182 volts 1 017314 volts 

2 days 1 017924 volts 1 018056 volts 
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The fact that cells built with finely divided mercury present in the de¬ 
polarizer tend to increase in e.m.f. is quite concordant with theory. We 
have shown that the free energy of the spheroids of mercury and, therefore, 
their vapor pressure increases as the radius decreases. In obedience to 
the universal law that everything tends toward a state in which its free 
energy is a minimum, the smaller globules of mercury are continuously 
“distilling over” to larger ones of a smaller free energy. As this process 
continues the importance of the mercury in the equation Hg ++ + Hg = 
Hg 2 ++ becomes less, and the e.m.f. rises to the normal value. When the 
electrolytic method of preparing mercurous sulfate was developed (7), it 
was found that much finely divided mercury was formed at the mercury 
anode and attached itself to the mercurous sulfate, giving it a gray appear¬ 
ance. At that time it was our practice to stir the mercurous sulfate in the 
acid electrolyte together with excess mercury with the object of eliminat¬ 
ing any finely divided particles of sulfate that might give an abnormal 
solubility. Now it seems that this procedure accomplished another impor¬ 
tant end. The very finest mercury globules also disappeared, as indicated 
above, and only those of a certain size remained, but these mercury globules 
appear to establish the equilibrium Hg+ + + Hg = Hg++ more rapidly and 
certainly than does the bulk mercury of the electrode, and this equilibrium 
determines the reproducibility of cells. Evidently much finely divided 
mercury should be present in the “paste,” but it should bo cquilibriated 
by several hours (over night) stirring with sulfuric acid and excess mercury. 
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I. GENERAL METHODS OP EMULSIFICATION 

In general, the formation of a disperse system may be achieved in two 
distinct ways: (a) by mechanical disintegration of bulk material into the 
fine particles forming the disperse phase, (b) by condensation of molecules 
of the disperse phase into larger aggregates, either process taking place in 
the presence of the dispersion medium. This fact is fully recognized in 
general colloid chemistry, where both types of method are in use, although 
condensation methods are there of chief importance. On the other hand, 
in the study of emulsions little attention has been paid to the possibility 
of utilizing condensation methods of preparation, mechanical dispersion 
being almost invariably employed. We shall here consider chiefly emul¬ 
sions containing an emulsifying or stabilizing agent; since in such systems 
the added substance produces an interfacial phase between the two liquids, 
these emulsions will be described as “three-phase” emulsions, in contrast 
with “two-phase” systems where only the pure liquids are present. 

Two modifications of the dispersion method are possible in emulsifica¬ 
tion : (a) the whole of the two liquids forming the emulsion may be agitated 
together for a suitable time in the presence of an appropriate emulsifying 
agent, either in one operation or with gradual addition of the liquid which 
is to form the disperse phase; (b) the latter liquid may be injected into the 
medium containing a stabilizing agent as a stream of fine droplets. The 
former means is almost invariably used, although it is theoretically in¬ 
efficient and open to grave objections; it has been criticized by Clayton (1). 

The processes taking place in the agitation method have been considered 
by Stamm and Kraemcr (2). The formation of the emulsion is the net re¬ 
sult of two opposing forces: the effect of agitation in disrupting the liquids, 
and the tendency to re-coalescence with the formation of bulk phases. 
Both liquids are broken up, and the degree of subdivision of each will be 
conditioned by mechanical factors such as the mode of agitation, the vol¬ 
ume ratio, densities, and viscosities of the liquids, and the interfacial ten- 
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sion. Formation of an emulsion depends on the re-coalescence of only one 
liquid to a continuous phase, the second liquid remaining subdivided after 
agitation ceases. The chief function of the emulsifying agent is to inhibit 
coalescence of the internal phase during and after emulsification, although 
in so far as its presence affects the mechanical properties of the liquids, it 
will affect the dispersion process. In particular, the reduction in inter¬ 
facial tension which is produced by substances capable of acting as emul¬ 
sifying agents will assist disintegration of the phases. Either an oil-in¬ 
water or a water-in-oil emulsion may be obtained as a stable system, by 
suitable choice of the emulsifying agent. 

For the description and critical discussion of the various methods of 
agitation or stirring used for emulsification, reference should be made to 
Clayton's publications (1). It may be mentioned that according to recent 
experiments (3, 4), agitation by mechanical means may be replaced by 
irradiation by ultrasonic waves of the order 200 to 500 kilocycles per second, 
many different emulsions having been prepared in this way. 

Since in the final emulsion only one liquid is subdivided, energy expended 
in breaking up the medium is entirely wasted, and greater efficiency is to 
be obtained in emulsification by injection of the internal phase, already 
broken up into droplets, into the bulk of the medium containing the sta¬ 
bilizing agent (3a). “The whole work of dispersion can thus be made on 
the internal phase and adsorption at the dineric interface can be reached 
without the interfering adsorption at the gas-liquid boundary common to 
the usual agitation or stirring methods" (Clayton lb). In this method the 
degree of dispersity or particle size will be fixed by the method of breaking 
up the internal phase, and the function of the'stabilizing agent will lie 
mainly in preserving the individuality of the particles introduced into the 
medium. 

Three possible methods may be considered for the formation of emulsion 
particles by condensation from a state of molecular subdivision, according 
as the molecules are derived from (1) a vapor phase, (2) true solution, (3) 
chemical action. The two latter methods, when applicable, introduce 
complications, owing to the presence of unwanted solvents or reaction prod¬ 
ucts. Lewis (4) obtained a dilute emulsion of mineral oil in water by 
pouring an alcoholic solution of the oil into water. No stabilizing agent 
was used, the product being a two-phase emulsion or oil hydrosol, but the 
same method could be employed for obtaining a more concentrated three- 
phase emulsion. Chemical methods are of considerable importance in 
general colloid chemistry, being often the only means of obtaining certain 
sols, but this is not the case with emulsions. A case of interest is the forma¬ 
tion of an oleic acid-in-water emulsion by the addition of mineral acid to a 
solution of sodium oleate. If the acid is not in excess, the residual soap 
acts as a stabilizing agent. 
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Methods involving condensation from a vapor phase fall into two types, 
according as (a) the vapors of both disperse and continuous phases are 
brought into admixture and condensed, or (b) the vapor of the disperse 
phase is injected below the surface of the bulk of the medium. These cor¬ 
respond roughly with the two types of dispersion method. Both have been 
applied to the production of sols and two-phase emulsions. Roginsky and 
Shalnikoff (5) obtained sols of the alkali metals in organic liquids by con¬ 
densing the vapors of liquid and metal on a surface cooled with liquid air, 
subsequently allowing liquefaction to take place. Lewis (4) obtained 
dilute two-phase emulsions (oil hydrosols) by boiling oil and water together 
under a reflux condenser, and by steam distilling aniline. As with the 
agitation method of emulsification, formation of a disperse system de¬ 
pends on the coalescence of only one component to a continuous phase. 
Method b has been employed by Nordlund (6) for the production of mer¬ 
cury hydrosols, and by Gutbier (7) for sols of sulfur, selenium, and mer¬ 
cury. The so-called “electrical dispersion” method of preparing metallic 
sols is essentially similar, the production of metallic vapor by an electric 
arc below the surface of the medium replacing injection from an external 
source. 

Hitherto, the preparation of three-phase emulsions by condensation of 
vapor oTthe internal phase in the presence of a stabilizing agent has not 
been investigated. For this purpose method b is required, and in the next 
section the study of such a method of emulsification will be described. 
The results show that it is of considerable theoretical interest, and where it 
can be applied, it is of practical value in obtaining emulsions of very uni¬ 
form grain. 


II. A VAPOR CONDENSATION METHOD OF EMULSIFICATION 

Emulsification being the preparation of a disperse system, the particle 
size or degree of dispersity is the criterion by which must be measured the 
efficiency of the process and the influence of various factors on it. In these 
experiments emulsification was effected by forcing oil vapor through a 
single capillary jet dipping below the surface of the aqueous phase con¬ 
tained in a beaker. The emulsion system was benzene in water, the sta¬ 
bilizing agent being sodium oleate. The size distribution of particles in 
each emulsion was determined by an improved sedimentation method based 
on those of Kracmer and Stamm (8) and of Lambert and Wightman (9), 
a sedimentation tube being used in conjunction with an automatic photo¬ 
graphic recorder. The technique of this method has been fully described 
in a separate paper by the present author (10). 

The dispersity of an emulsion made by passing a stream of oil vapor 
into an aqueous liquid may be influenced by factors of two kinds: (1) 
the conditions of injection, (2) the physico-chemical properties of the emul- 
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sion components. Factors of the first kind include the temperature and 
pressure of the vapor on entry, and the dimensions of the orifice through 
which it issues. The pressure of the vapor and the dimensions of the jet 
control the velocity of the vapor, and in this connection two quantities 
must be considered, viz., the linear velocity imparted to the molecules, 
and the mass or volume of vapor passing per second. The effects of all 
these conditions have been studied. In addition, the temperature and 
volume of the medium and the shape of the container may be relevant. 
Factors of the second kind include the chemical nature and physical proper¬ 
ties of the liquids and stabilizing agent, the volume ratio of the liquids in 
the final emulsion, the concentration of stabilizing agent, etc. As indi¬ 
cated, the experiments cited have been confined to a single system, and of 
the conditions named, the concentration of sodium oleate has received 
chief attention. 


Apparatus 

In order to control the conditions of injection of the vapor, the apparatus 
shown in figure 1 has been developed. Benzene is boiled by means of the 
heating coil A in the vessel B, which is provided with a trap bulb C. The 
vapor passes through the delivery tube D, jacketing the cylindrical bulb E 
which is filled with nitrogen, to the bulb F. For clearness of drawing, the 
apparatus has been dissected in figure 1; in actual front view D is imme¬ 
diately behind F, the connecting tube (shown dotted) being about 8 cm. 
long so as to leave a clear space below the jet. The vapor finally emerges 
via the trap G through the jet H. From C nearly to H, the tube is wound 
with nichrome wire on asbestos paper. All parts of the apparatus which 
are subjected to heat are lagged by winding with asbestos string. The 
temperature of the vapor is read on the thermometer J cemented into the 
bulb F, and the pressure on the manometer K, both values being measured 
as near as possible to the jet. 

The bulb E forms a nitrogen thermoregulator, and operates a mercury 
contact L controlling the relay M, which in turn controls the current 
through the superheater coil. The temperature at which the regulator 
works is determined by adjustment of the nitrogen pressure by means of 
the mercury column N, the whole arrangement being essentially a constant 
volume gas thermometer. In this way the temperature of the issuing 
vapor may be maintained at any arbitrary constant value. Automatic 
regulation of the pressure is provided by adjusting the contact P of the 
manometer to the desired value. This controls the current through the 
heating coil A by means of the relay Q. Since the rate of vapor formation 
governs the rate of efflux, equilibrium being reached at a pressure such that 
these two rates are equal, maintenance of a constant pressure is dependent 
on a steady rate of boiling, and this is achieved by the arrangement de- 
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scribed. Power is taken from the mains (200 volts, d.c.), and a relay cir¬ 
cuit already described by the author (11) is used; except that whereas the 
relay Q brings extra resistance into the heating circuit when contact P is 
closed, as in the published arrangement, relay M does so when contact L 
is opened. 

Taps are included in the apparatus at suitable points, for filling and 
draining the boiling vessel, for setting up and also for isolating the two 
manometric systems, and for draining distilled benzene from the bulb S. 
No tap is exposed directly to vapor. 

A special device is used for introducing the beaker of dispersion medium 
quickly and accurately beneath the efflux jet. This comprises a stage T 



Fig. 1. Emulsification Apparatus 

which is moved vertically by means of a rack and p*nion U, and may be 
held in any desired position by a quick-release pawl (not shown). The 
beaker is placed on the stand, and the latter is quickly raised until the jet 
just dips into the liquid. After the required amount of vapor has been 
passed, the pawl is released, the stand quickly lowered, and the beaker 
withdrawn. 

The procedure in an experiment was as follows. The emulsification 
apparatus was started up and the oil vapor allowed to issue into pure 
water until a steady state was reached, under the desired conditions of 
temperature and pressure. A known volume of the dispersion medium. 
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at a known temperature, was then quickly substituted for the water, and 
vapor was allowed to pass for the required time. The temperature of the 
emulsion having been noted, the beaker was then transferred to a special 
device in a water thermostat at 25°C., where the emulsion was kept stirred 
without free access of air. When temperature equilibrium was reached, a 
quantity of the emulsion was rapidly transferred to the sedimentation tube, 
previously set up in an air thermostat at 25°C. Another portion of the 
fresh emulsion was utilized for a pycnometric determination of its density 
(also at 25°C.), whence its composition was calculated from the known 
densities of oil and medium. 

Materials 

The benzene used was Kahlbaum’s “crystallized thiophene-free” qual¬ 
ity, without further treatment. It was recovered after use by allowing the 
emulsions to settle out, shaking the separated “cream” with water and 
benzene in bulk. The water phase was run off and replaced by pure water 
after each separation, and by repeating the treatment the concentration of 
soap was progressively reduced until the cream was entirely broken. The 
separated benzene was dried over sodium sulfate and redistilled, after 
which it was used in further experiments. 

Sodium oleate was made from Kahlbaum's oleic acid, further purified 
by formation of the lead salt and extraction with ether, followed by hydrol¬ 
ysis and distillation of the acid in vacuo . The first sample of the sodium 
salt was prepared by neutralization of the acid in alcoholic solution with a 
slight excess of solid anhydrous sodium carbonate; the soap was extracted 
by repeated hot filtration, crystallization, and resolution in absolute alcohol. 
Superior results were obtained by the method of Harkins and Beeman 
(12); sodium ethylate made by dissolving sodium in alcohol was added to 
the acid (also in alcohol) until neutrality to phenolphthalein was reached. 
The salt was recrystallized from alcohol and finally dried for two days at 
25°C. A 0.01 molar solution was made up in the cold and diluted as re¬ 
quired; only a small quantity (100-250 cc.) was prepared at a time, in order 
to avoid waste due to deterioration on standing. Conductivity water 
was used throughout. 

Conditions of emulsification 

The capillary jet employed throughout had a diameter of 0.7 mm., 
giving a cross-section of 0.0038 sq. cm., and the length of the cylindrical 
portion was about 9 mm. With these dimensions, the times required 
under various pressures for the injection of 15 cc. of benzene into 135 cc. 
of solution, to form 150 cc. of a 10 per cent emulsion, were found to be as 
follows. 

25 50 100 150 

81 5 3 21 


Pressure (mm. of mercury) 
Time (minutes). 
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The velocity was thus not a linear function of the pressure, and since any 
substantial increase in velocity would evidently require a considerable 
increase of pressure, experiments were limited to the range given. 

In one series of experiments, the orifice was reduced in diameter by ce¬ 
menting over the end of the capillary a disc of thin zinc foil, pierced with a 
fine hole. A solution of celluloid in amyl acetate was used for this purpose, 
so that the disc was readily removable. The diameter of the orifice was 
then 0.48 mm., the cross-section being 0.0018 sq. cm. The corresponding 
pressure-time relation was as follows. 

Pressure (mm. of mercury) .50 100 

Time (minutes) . . . 11 6| 

For a given pressure, the times with the two orifices were very nearly in 
the ratio of the respective areas, so that the linear velocity of the vapor was 
practically unaltered by reducing the opening. This fact enabled the 
effects of orifice diameter and linear velocity to be separated. 

The temperature of the vapor remained constant to within dbl.5°C. 
during each experiment; in separate experiments the mean temperature 
corresponding with a given nitrogen pressure was not exactly reproduc¬ 
ible, varying over a range of about 5°C. In order to control this as far as 
possible; the technique was standardized. First the superheater was 
switched on, and left for 30 minutes before heating of the benzene was be¬ 
gun. A further 15 minutes was allowed for equilibrium to be reached be¬ 
fore the vapor was allowed to pass into the experimental solution. 

Determination of size distribution 

The results of the sedimentation analysis were plotted with time as 
abscissa and the reading of the index as ordinate. The size distribution 
was derived by drawing tangents to the curve, as described in the paper 
cited (10). In most of the following data, radius intervals of 1/* have been 
taken; the intercepts cut off the vertical axis by tangents drawn at the 
calculated points were read from the curve, and the results tabulated as 
the fractions of the total mass of disperse phase lying between given size 
limits. This fraction was obtained as the ratio between the intercept cor¬ 
responding with the given interval, and the length cut off the axis by the 
limiting tangent, i.e., the tangent to the curve where the movement of the 
index became the steady drift due to evaporation. (It had been found that 
a linear relation held between the movement of the index and the mass of 
particles sedimented.) Any error involved in assuming that sedimentation 
was complete when the movement of the index became uniform would be 
slight, since observation of the sedimented emulsion after the experiment 
showed that the mass of any fine particles not included in the cream must 
lie extremely small. A certain number of failures in sedimentation analy- 
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sis were registered, through stoppage of the automatic mechanism, tem¬ 
perature irregularities due to faulty working of the thermostat, or bubbles 
in the index tube. 


Reproducibility 

The first experiments were carried out under the following conditions: 
vapor temperature 95-100°C., pressure 50 mm. of mercury, concentration of 
sodium oleate 0.0005 M, volume of solution 135 cc., time of passage of 
vapor 5 minutes. These constants proved to be convenient and were 
used to test the reproducibility of the emulsions, and also at various times as 
a check on the experiments. In consequence, this group of experiments 
forms the largest series corresponding with one set of conditions. The 
results are collected in table 1. 


TABLE 1 


SXPKRIMSNT 

AS 

< 4 M 

4-5m 

5-Om 

6-7m 

>7m 

1 

8 

21 

32 

21 

18 

2 

— 

38 

32 

13 

17 

3 

8 

34 

29 

16 

13 

4 

4 

31 

32 

15 

18 

13 

11 

36 

32 

12 

9 

15 

10 

28 

35 

12 

15 

17 

5 

40 

29 

13 

13 

Mean. 

6 

32 

32 

15 

15 


In table 1 AS represents the percentage of the total mass of particles 
corresponding with the radius intervals shown. Considering the nature of 
the process under investigation, the concordance of these results is excel¬ 
lent. The distribution varies slightly, but in all cases about 80 per cent 
of the mass of particles corresponds with the range 4/4 to 7/4 (the limits 
being 75 to 83 per cent). For an emulsion this is an extremely uniform 
dispersion, but it will be seen that even greater homogeneity has been ob¬ 
tained by the use of a higher vapor velocity. 

Influence of conditions of injection 

(a) Vapor pressure . The results obtained under various pressures, 
using the same orifice, vapor temperature, solution concentration, and 
oil concentration (10 per cent by volume) as before, are shown in table 2. 

Table 2 would appear to show a progressive decrease in the mean par¬ 
ticle radius with increase of pressure, but examination shows that this is 
due to a closing up of the limits of size, radii less than 4/4 in no case passing 



FORMATION, SIZE AND STABILITY OF EMULSION PARTICLES 287 


the lower limit 3.5 m. The effect of an increase of pressure was therefore to 
produce a more uniform dispersion. It is remarkable that with pressures 
of 100 mm. and over, about 80 per cent of the mass of particles lay within 
the range 4 m to 6 m; moreover, at 100 mm. substantially the whole range 


TABLE 2 




AS 



< 4m 

4-5 m 

5-6 n 

6-7/i 

> 7*i 

11 

mm 

25 

_ 

11 

18 

18 

53 

14 

25 

3 

10 

30 

21 

36 

Mean 


u 

101 

24 

191 

441 

Mean* 

50 

6 

32 

32 

15 

15 

6 

! ioo 

16 

52 

27 

5 

— 

7 

100 

11 

54 

26 

9 

- 

Mean 


13} 

53 

261 

7 

_ 

9 

150 

19 

55 

26 


- 

10 

150 

17 

50 

33 

- 

- 

Mean 


18 

52J 

291 

— 

— 


* From table 1. 

TABLE 3 





AS 

EXPERIMENT 

PRESSURE 

TEMPERA¬ 

TURE 

< 4m 

4 bn 

5-6m 

6-7 m 

> 7m 

15 

mm 

50 

degrees C 

100 

10 

28 

35 

12 

15 

16 

50 

115 

10 

33 

34 

12 

11 

18 

50 

135 

7 

38 • 

27 

19 

9 

19 

50 

156 

8 

22 

34 

27 

9 

Mean 



9 

30 

32 

18 

11 

Mean* 

100 

96 

131 

53 

261 

7 

— 

22 

100 

1171 

17 

45 

33 

5 

- 

20 

100 

134 

14 

46 

33 

7 

— 

21 

100 

156 

14 

49 

*>2 

5 

- 

Mean 



15 

48 

31 

6 

— 


* From table 2. 


of sizes was from 3.5m to 6.8m (approximately), and at 150 mm. from 3.5m 
to 6m- 

(6) Vapor temperature. Experiments were carried out over the range of 
temperature 96°C. to 156°C. (16°C. to 76°C. above the boiling point of 
benzene), using steps of from 15 to 20 degrees, for each of the pressures 
50 mm. and 100 mm. The results are given in table 3. 
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It is evident from the figures in table 3 that the temperature of the vapor 
was without effect on the distribution of particle sizes. 

(c) Orifice diameter . In these experiments the capillary jet was as be¬ 
fore, except that the orifice was reduced by cementing over the end a per¬ 
forated disc of zinc foil. The results are shown in table 4. 

By comparison of table 4 with table 2, it is seen that the efficiency of 
emulsification with the higher pressure was not considerably altered by 
a reduction in the cross-section of the orifice, the size range of the parti¬ 
cles remaining about the same. A somewhat higher percentage of the 
total mass corresponded with the interval 4 m to 6m, but of this a larger pro¬ 
portion lay in the interval 5 p to 6m, while there was a decrease in the 
fraction between 3.5m and 4m, and an increase in that between 6m and 7m. 
With the lower pressure, there was a reduction in the fraction lying be¬ 
tween 4 m and 7 m, owing to an increased proportion of large particles. 


TABLE 4 


F XPBRIMK1ST 

rRESHUIlK 

L_ _ 


< | 

4 5 m 

5-0M 

b 7 m 

> 7 m 

23 

m m 

100 

, 7 

48 

35 

10 

_ 

24 

100 


45 

43 

12 

- 

Mean ! 

1 

•H 

46* 

39 1 

11 

1 

25 

50 

~ i 

23 

30 

17 

30 

26 

50 

3 1 

27 

29 

16 

25 

Mean 


ij 

1 25 

29* 

16* 

27* 

_ 

— 

— — 

— 

- 

_ 

— 


The effect of orifice diameter, therefore, became less noticeable as the 
pressure was increased. 

Since it was found that the linear efflux velocity of the vapor was not 
greatly affected by a reduction in the size of the orifice, it would appear that 
the linear velocity was of more importance than the mass or volume veloc¬ 
ity. This suggests that the uniformity of dispersion was largely dependent 
on an efficient distribution of vapor throughout the condensation zone 
rather than on the actual amount injected per second. With a view to 
obtaining some idea of the conditions of mixing, the linear and volume ve¬ 
locities under the experimental conditions have been calculated from the 
observed mass velocity and orifice diameter (see table 5). Since the gss 
laws have been used for this purpose in default of empirical information as 
to the specific volume of benzene vapor at various temperatures and pres¬ 
sures, the figures are necessarily very approximate, and useful only for 
comparison purposes.' 

The figures in table 6 show clearly the predominant importance of the 
linear velocity. Thus the larger jet in conjunction with a pressure of 50 
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mm. gave roughly the same momentum as the smaller jet and a pressure of 
100 mm., while the actual mass of volume of vapor emerging per second 
was greater in the former case; notwithstanding this, the higher pressure 
gave more efficient dispersion. The uniformity of the dispersion clearly 
increased as the linear velocity of the vapor rose, but had no obvious con¬ 
nection with any of the other factors. 

(d) Other conditions . The volume of solution and the shape of the con¬ 
tainer might be expected to influence the condensation process through 
their effect on the conditions of mixing, if condensation of the vapor oc¬ 
curred throughout the liquid. Actually, it was observed that condensation 
occurred in the neighborhood of the jet, the drops formed then distributing 
themselves throughout the whole volume of liquid. Thus as far as the 
actual condensation was concerned, the liquid was effectively without 
limit, so that the actual boundaries were unimportant. 


T\BLE 5 


ORIFICE 

PRESSURE | 

J m* 

V 

u 

mu 


mm 






25 

0 025 

9 2 

2400 

59 

I 

50 

0 044 

16 

4200 

190 

*> 

! 

100 

0 074 

26 

6700 

500 

! 

150 

0 085 

28 

7200 

600 

II 

50 

0 020 

7 1 

3900 

778 

100 

0 033 

11 

6400 

210 


* Here rn =* mass of vapor passing per second, in grams (observed), V — volume of 
vapor per second, in cubic centimeters (calculated), u = linear velocity at orifice, in 
centimeters per second (calculated), mu = m X u ** momentum at orifice, in gram 
centimeters per second (calculated). 

The influence of the initial or mean temperature of the solution has not 
been studied experimentally, but may be inferred. The effect of raising 
the temperature may be expected to depend chiefly on the consequent re¬ 
duction in viscosity and in interfacial tension. The former will facilitate 
the passage of vapor or of drops through the liquid, and so will have the 
effect of a higher linear velocity, while the latter will probably have a 
similar effect to that of an increased concentration of soap. It may be 
mentioned that in the experiments described, the temperature of the solu¬ 
tion during emulsification rose by about 10-12°C. 

Influence of soap concentration 

(a) Initial concentration. In these experiments the concentration of soap 
in the solution was varied over the range 0.0005 M to 0.0025 M . For 
each of the concentrations 0.0010, 0.0015, 0.0020, 0.0025 M , two experi- 
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ments were performed; one of the records for 0.0015 M showed a disturb¬ 
ance of the sedimentation, but as it gave good qualitative agreement with 
the satisfactory record, the experiment was not repeated. The figures 
for 0.0005 M are from previous experiments. In all cases the unobstructed 
jet was used, the pressure being 100 mm. and the vapor temperature 95- 
100°C. As in previous experiments the concentration of benzene in the 
emulsion was as nearly as possible 10 per cent. The results are shown in 
table 6, a more detailed analysis of the size distribution being given in 
order to bring out clearly the effect of the concentration of solution used 
in the emulsification process. 


TABLE 6 


EXPERI¬ 

MENT 

r ONCEN- 
TRATION 





AS 





2-2 5 

2 5-3 | 

3-3 5 

3 5-4 

4-4 5 

4 5-5 

5-5 5 

5 5-6 

> 6ji 

6 

M 

0 0005 

_ 

_ 

_ 

16 

21 

31 

17 

10 

5 

7 

0 0005 

— 

— 

— 

11 

24 

30 

18 

8 

9 

Mean 


— 

— 

— 

13} 

22} 

30} 

17} 

9 

7 

28 

0 0010 

_ 

_ 

5 

24 

32 

26 

10 

3 

— 

29 

0 0010 

— 

— 

4 

19 

35 

20 

14 

8 

— 

Mean 


— 

— 

4} 

211 

HP! 

CO 

CO 

23 

12 

5} 

— 

32 

0.0015 


5 

22 

20 

30 

14 

9 

- 

- 

30 

0.0020 

— 

20 

24 

29 

17 

10 

_ 

_ 


31 

0.0020 

— 

16 

25 

30 

18 

11 

— 

— 

— 

Mean 


— 

18 

241 
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17} 

101 

— 

— 

— 

27 

0.0025 

5 

34 

36 

11 

9 

5 

— 

— 

— 

33 

0 0025 

6 

23 

41 

15 

15 

— 

— 

— 

— 

Mean 


51 

281 

381 

13 

12 

21 

— 

— 

— 


It is evident from table 6 that with increasing concentration there was a 
continuous downward trend of the mean particle radius. This effect is 
quite distinct from that due to increasing pressure, for in this case the 
range of sizes was not reduced appreciably, but was shifted as a whole. 
The phenomenon was shown very clearly by even a qualitative inspection 
of the sedimentation records, since the time of sedimentation varies in- 
• versely as the square of the particle radius. 

Over the range of concentration investigated, the optimum interval was 
reduced from 4.5-5/x to 3-3.5/i. There is no indication in these results 
as to the limiting size obtainable by further increase in concentration; 
extension in this direction became difficult owing to the greatly increased 
time required for sedimentation, in accordance with the relation (Stokes' 
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law) mentioned above. For 0.0005 M solutions, a complete sedimentation 
record covered a period of twenty to twenty-four hours; for 0.0025 M, 
about fifty hours. The fact that dispersions having distinct size limits 
within such a small range could be reproduced at will is an indication of 
the accurate definition of conditions which is possible in this method of 
emulsification. 

(6) Effect of additions of soap after emulsification . It was noticed that 
on standing for a day or so, an emulsion formed as above showed a coarsen¬ 
ing of the dispersion. With 0.0005 M soap solution, the cream in the 
sedimentation tube had almost invariably broken to some extent by the 
end of the experiment. Over the same period the emulsion filling the pyc¬ 
nometer tube showed no breaking, but on redistributing the cream through¬ 
out the liquid, the uniform emulsion was less opaque than originally. 
Similar coarsening without breaking was found when a stoppered cylinder 
completely filled with the emulsion was left to stand, so that the behavior 
in the sedimentation tube must be ascribed to the presence of an air phase 
above the liquid, other conditions being the same. This is in agreement 
with the fact noted by Clayton (lb), that emulsions can be broken by shak¬ 
ing if a gaseous phase is present. 

In explanation of the observed decrease in dispersity, it was supposed 
that the amount of soap present, while able to promote emulsification, 
must be insufficient to prevent coalescence of the oil droplets over a pro¬ 
longed period, especially when the emulsion was allowed to cream so that 
the droplets came into close contact. This suggested that enhanced sta¬ 
bility might be achieved by further addition of soap, and a series of experi¬ 
ments was carried out, in which was examined the effect of increasing the 
soap concentration after emulsification. 

A known volume, V , of 0.0005 M sodium oleate solution was used to 
prepare an approximately 20 per cent emulsion, under fixed conditions of 
temperature and pressure, and to this emulsion was added an equal vol¬ 
ume, y, of x molar sodium oleate solution, x being variable. A 100-cc. 
stoppered cylinder was completely filled with the resulting emulsion of 10 
per cent benzene in i (x + 0.0005 ) M solution, and left to stand in a ther¬ 
mostat at 25°C. for from forty-four to forty-eight hours. The emulsion 
was then mixed uniformly again and a sedimentation analysis carried out. 
For comparison purposes were taken 10 per cent emulsions in 0.0005 M 
solution, made not directly but by dilution of a 20 per cent emulsion with 
the same medium. One such emulsion was sedimented immediately, and a 
similar one after two days. This gave directly the effect of ageing on the 
original emulsion, while additions of 0.0015, 0.0025, 0.0035, 0.0075 M 
solution showed the behavior in contact with concentrations of 0.0010, 
0.0015, 0.0020, and 0.0040 M 1 respectively. 

The results may be shown best, not by analysis of the sedimentation 
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curves but by plotting these directly on the same graph, as in figure 2. 
This shows time as abscissa, and the percentage of the total mass of par¬ 
ticles which have settled out, as ordinate. It will be seen that the original 
emulsion showed a great increase in the velocity of sedimentation (and 
hence in particle size) as the result of standing, but that with increasing 
soap concentration the sedimentation velocity of an aged emulsion de¬ 
creased and the curve approached that of a fresh emulsion. Over the 



1 ime in Hours 

Fig. 2. Sedimentation Curves of Emulsions 
A, fresh emulsion; B, C, D, E, F, aged emulsions 


range examined, however, this curve was not reproduced for an aged emul¬ 
sion. 

Consideration of the effect of soap concentration on the stability of 
emulsion particles is reserved for a later paper. For the present purpose 
it is sufficient to notice that in this condensation method of emulsification, 
it is of prime importance whether the final soap concentration is fixed be¬ 
fore or after the emulsion is made. The dispersity of the emulsion is 
governed by the initial concentration. It is evident that the size and 
number of the particles formed in the emulsification have no direct rela- 
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tion with the area of interface which may be maintained over a prolonged 
period of time, for on raising the initial soap concentration the dispersity 
(and hence the interfacial area) increases, in spite of the fact that at the 
lower concentration this area is too great for stability. Thus in passing 
from 0.0005 M to 0.0025 M solution, the interfacial area was augmented 
by about 50 per cent; nevertheless a concentration of 0.0040 M was in¬ 
sufficient to keep the lower area stable for two days. It must be concluded 
that the soap exercises two distinct functions: (1) in the formation of the 
emulsion; (2) in the stabilization of the emulsion. The second function 
does not depend on the method of preparation, and will be the same for an 
emulsion of given properties (dispersity, volume ratio, soap concentration), 
however it is made. On the other hand, the first function is characteristic 
of the method of emulsification. In the present method the soap concen¬ 
tration has a direct influence on the dispersity of the emulsion, and a phys- 
cochemical equilibrium in the condensation process must be postulated. 
The question then arises: what is the function of the emulsifying agent in 
other methods of emulsification? This function, and the influence of the 
emulsifying agent on emulsion stability, will be considered in a later paper. 

III. THEORY OF THE CONDENSATION PROCESS 
Possible mechanisms 

In an attempt to ascribe a mechanism to the formation of emulsion par¬ 
ticles by this method, two possibilities must be examined* (1) bubbles of 
vapor may be produced by the breaking up of a cylinder of vapor formed by 
the jet, these bubbles then condensing to liquid droplets; (2) particles may 
be produced by the growth of nuclei spontaneously formed in a super¬ 
saturated system of oil molecules. The latter case may be further sub¬ 
divided, according as condensation takes place in the vapor or in the liquid 
phase, i.e., oil vapor may condense within water vapor, the droplets being 
then taken up by the medium, or oil molecules may aggregate to particles 
in direct contact with the aqueous liquid. 

The observed results do not support the first hypothesis. The stability 
of a cylinder of fluid was investigated by Plateau (13), who showed that 
when the length exceeded the circumference, instability set in, a long 
cylinder breaking into drops, the distance between whose centers was 
equal to the circumference of the cylinder. A small globule was formed 
between each pair of large drops. Neglecting the volume of the small drop, 

the radius of the large drop is seen to be a « being the radius of the 

cylinder. The drop radius should be directly dependent, therefore, on the 
jet radius, which was found not to be the case. Moreover, it may be cal¬ 
culated that of the orifices used, the larger should give liquid droplets hav¬ 
ing radii of the order 80 m, and the smaller one radii of the order 60/x, both 
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of which values are considerably larger than the observed size. Still 
more does this latter fact exclude the alternative explanation that the 
break-up of the cylinder might form primary particles which would grow 
under conditions dependent on the properties of the medium, and we are 
led to the conclusion that the mechanism is of the second type. 

The observed effect of soap concentration on particle size may be reason¬ 
ably assumed to be due to the decrease in interfacial energy produced by 
the soap. If condensation to the final droplets occurred in the vapor phase, 
however, the only interface coming into account would be that between 
liquid oil and the mixed vapor of oil and water, whose surface tension would 
be independent of the soap concentration. There remains the possibility 
that primary particles might be formed in the vapor phase and might 
be taken up by the solution, there growing by coalescence with one another. 
This would mean that nucleus formation would be independent of the soap 
concentration but growth would not, since the ease of coalescence would 
depend on the interfacial tension. The variation in dispersity (which 
means the production of varying numbers of particles from a given mass 
of oil) must then depend on the degree of aggregation of primary particles. 

On the other hand, the hypothesis that the whole process of condensa¬ 
tion takes place in direct contact with the aqueous phase presents more 
analogy with the processes known to take place in other supersaturated 
systems, since the mechanism would then consist in the formation of pri¬ 
mary particles or nuclei, which grow by accretion of other oil molecules 
independently of collision between the particles themselves. A variation 
in dispersity may then be caused by an alteration in the process of nucleus 
formation or in the rate of growth. Since the interface concerned is that 
between oil and aqueous solution, it is readily understandable that both 
the formation and growth of nuclei may be conditioned by the composition 
of the solution. This view of the process has been adopted provisionally, 
and will now be considered in some detail. 

Nucleus formation 

The experiments described differ from the ordinary case of condensation 
or crystallization in a supersaturated system, where the process starts 
from a certain initial supersaturation and goes to completion without the 
introduction of further material, for here there is a continuous addition of 
molecules to the system. It has been mentioned that the actual condensa¬ 
tion takes place in a limited zone near the jet, so that the particles leaving 
the zone probably take no further part in the process. A steady state will 
therefore be set up, in which as much material leaves the zone in the form 
of particles as enters in, the same time in the form of individual molecules. 
This will correspond with a certain degree of supersaturation in the con¬ 
densation zone. Considering a single particle, the process may be re- 
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garded as comprising two stages, viz., the appearance of a nucleus, and its 
growth as it passes through the zone. The average size which a particle 
attains will depend on the velocity of growth and the time spent in the 
zone. 

The formation of a nucleus means the collision and union of a number of 
molecules to an aggregate having the properties of surface, and this in¬ 
volves the generation of surface energy, which must be provided by the 
energy of condensation. Two conditions are therefore necessary: (1) a 
number, n, of molecules must be mutually so situated that they may con¬ 
dense together; (2) the condensation of these molecules to a particle must 
involve a net decrease in free energy. We will take the latter condition 
first. The formation of nuclei in any supersaturated system (vapor, solu¬ 
tion, undercooled melt) will depend on similar factors, but for purposes of 
calculation the case of condensation in the vapor phase is the simplest to 
take, and will now be considered. In what follows the vapor is assumed to 
behave ideally. 

It is shown readily that there is a minimum radius, which must be 
reached before a drop of liquid can grow by condensation of molecules upon 
its surface. W. Thomson (14) showed that the vapor pressure over a 
curved liquid surface increases with the curvature, the relation between 
p Xf the pressure over a spherical drop of liquid of radius x f and p*, the pres¬ 
sure over a plane surface of the same liquid, being 


RT In 

V m 


2c tM 
d 


( 1 ) 


where M is the molecular weight, a the surface tension, and d the density 
of the liquid. Following Gibbs, Volmer and Weber (15) point out that in 
consequence of this relation, in a vapor having a supersaturation pressure 
p r , a drop having a certain radius r will be in equilibrium. Drops of smaller 
radius have a higher vapor pressure and are consequently unstable, while 
for radii greater than r the vapor pressure will be less than p r and con¬ 
densation on the drop will occur. A drop having the “characteristic 
radius” r corresponding with the supersaturation pressure p r is defined by 
Volmer and Weber as a “nucleus,” since under the given conditions it 
represents the lower limit of size for a drop capable of spontaneous growth. 
The work necessary to form such a drop within the vapor is shown to be 


W - |crV 

or by substitution from equation 1 
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This work is taken as a measure of the stability of the supersaturated 
vapor. 

Adopting this definition of a “nucleus,” Farkas (16) has calculated the 
number of nuclei which overstep the characteristic radius r per second and 
grow to larger sizes. In the present writer’s view, the production of drops 
having the “characteristic radius” is of secondary importance where the 
condensate is highly disperse, since the molecules forming such a drop must 
have energy above the average. The formation of a large number of nu¬ 
clei 1 is only possible if molecules of average energy can condense together, 
and this may be achieved if groups containing a sufficient number of mole¬ 
cules are available. The idea of the “characteristic radius” may, however, 
be utilized in deriving the condition under which condensation of “aver¬ 
age” molecules will occur. 

Consider first the condensation of vapor on a plane surface of its own 
liquid, of constant area; let the vapor pressure of the liquid be p m and the 
actual pressure of the vapor p r . Since no surface work is involved in the 
change of state, the increase in free energy per molecule will be 

w « kT In — (4) 

Pr 

where k is Boltzmann’s constant. Condensation will occur if w m is nega¬ 
tive, i.c., if p r > p c o, while evaporation will occur if p r < p m . The con¬ 
dition w m = 0 is realized when p r — p m , and corresponds with equilibrium. 

When the liquid surface is curved, surface work is involved in the change 
of state, and this must be taken into account in the calculation. Con¬ 
sider the formation of a drop of liquid containing n molecules and having a 
radius x. The net increase in free energy is given by 
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where N is Avogadro’s number, so that 

J V = 4t*V ^1 - 


( 6 ) 


(7) 


1 This term is used to denote a primary particle of any size, and not in the above 
limited sense. 
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This equation reduces to equation 2 when x = r. W is negative when 
x > l r, and this is the condition for the formation of a nucleus by mole¬ 
cules of average energy. 2 

It is to be noted that when n is small, the drop cannot be regarded as 
spherical, and in order to apply these equations the idea of an “equivalent 
radius” must be introduced, i.e., x and r are then not actual dimensions 
of the drops but the radii which the respective drops would have if they 
were spherical. An uncertainty remains, in that the value of or for such 
small drops is not necessarily the same as for larger drops. 

A similar calculation may be applied to the case of a supersaturated 
solution. It has been found (17) that the solubility of small crystals is 
greater than that of large ones, in analogy with the vapor pressure of liquid 
drops, and an equation similar to equation 1 may be used, solubility or 
solution pressure being substituted for vapor pressure. In fact, in any 
change of state where surface energy is generated, there will be a critical 
radius below which particles cannot be formed by molecules of average 
energy. 

The probability, P nj that a group of n molecules will be formed, at a 
given temperature, is a function of the concentration (of uncondensed 
molecules^ and of the number ?i, such that (a) for a given value of w, 
P n will increase with the concentration, (b) with a given concentration, P n 
will diminish as n is increased, both rates of change being greater than pro¬ 
portionality. To each concentration, therefore, two numbers may be 
assigned, where (1) ni is the least number of molecules in an aggregate, 
the probability for whose formation is less than a given very small quan¬ 
tity (and therefore representing the upper limit of size for a group), and 
(2) n 2 is the number of molecules in an aggregate for which the net change 
m free energy in condensation is zero, for molecules of average energy. 
If ?h < 7i 2 f nuclei will not be formed with such molecules. At low super¬ 
saturations 7 i) will be small and n 2 large, but since P n increases with rising 
concentration, n x will also increase, whereas it is evident from equations 
l and 7 that n* will decrease. With increase of supersaturation, nj and n 2 
will therefore approach one another, until the condition n\ = n 2 is reached. 
Beyond this state n\ will become greater than n 2 , anl nuclei formed by 
molecules of average energy will then appear. The “nucleus formation 

velocity” ^ may be defined as the number of nuclei formed per second in 

Qt 

* The condition W = 0 does not correspond here with a true equilibrium between 
vapor and liquid. Once a drop of radius f r is formed, it will grow indefinitely, since 
a decrease in free energy occurs in condensation on a surface of radius greater than 
r. The condition involved is different, therefore, according as the formation or 
growth of the drop is considered. Equilibrium between vapor and a surface actually 
formed holds when x * r. 
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unit volume; the part of corresponding with the nuclei considered will 

depend on P n and on the range n* to n x . Since all groups for which n > 
w 2 will condense, the relation may be expressed 



( 8 ) 


This number includes all nuclei having from n 2 to n x molecules, but not 
nuclei of number less than rij (i.e., having radii between n and \ r), formed 
by molecules of more than average energy. P n and nj rise and n 2 falls 


with increasing concentration, and 



will increase rapidly with the 


supersaturation above the critical value. The optimum size of a nucleus 
will be that nearest the critical size, since on kinetic grounds the probability 
of formation increases as the size considered diminishes. The average size 
of a nucleus will therefore diminish as the concentration increases. 


Nucleus growth 


The growth of the nucleus depends on the rate of deposition of mole¬ 
cules on its surface and on the time spent in the condensation zone. The 

dw 

“specific velocity of growth” may be defined as where m is the mass of 

material deposited per unit area of surface. Now the number of mole¬ 
cules deposited per second on unit area is the difference between the num¬ 
ber impinging on the surface and the number leaving it during this time. 

For a given solution pressure of the particle, therefore, ~~ will increase 

with the concentration of uncondensed molecules in the system. With a 

given supersaturation, ~ will depend on the size of the particle, since the 

solution pressure increases as the radius diminishes. 

If ~ is the mass of material entering the condensation zone per second, 

V the volume of the zone, and n P the average size of a particle leaving the 
zone, then for equilibrium, 


1 dq __ du 
v cU dt 


(9) 


Let m be the a\erage mass of a nucleus, t m the average time spent by a 
particle in the zone, and a the average area of the particle at any instant. 
Then we shall have , 
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At the beginning of growth, will relate to the surface of the nucleus; 

since and p. are fixed by the supersaturation, the initial value of 
ut/ d t 

for an average nucleus will be fixed also. The time £» is determined by the 
relation of the path through the zone to the velocity of the particle. Hence 
as long as the conditions of injection are maintained, p p will be constant, 
i.e., successive “batches” of the dispersion will be similar. 


Influence of pressure 


In the emulsification method described, it is found experimentally that 
if the pressure of the vapor is raised and the cross-section of the jet is 

diminished in such a way as to keep ^ constant, /x„ is reduced, so that by 

equation 9 ' F a is increased. This means that on raising the pressure 

there must be an increase in either the volume of the zone or the equilib¬ 
rium concentration, or (as probably happens) in both. An increase in 
concentration will reduce the average size of a nucleus but will increase 
the total mass of the nuclei formed per second; the diminution in p p 
therefore means a reduction in the time spent by a particle in the zone, in 
relation to the velocity of growth, i.e., an appropriate increase in the veloc¬ 
ity of the particle relative to its path. Other things being equal, the veloc¬ 
ity of the particle is determined by the entering linear velocity of the vapor, 

which is proportional directly to ~ divided by the density of the vapor, 


and inversely to the cross-section of the jet. It may be concluded that 
for a constant value of with rising pressure the linear velocity of the 


vapor increases in relation to the depth of the condensation zone. This 
will mean a more efficient “sweeping” of the zone by the vapor, while the 
times spent in the zone by individual particles formed at different points 
will vary less; both these factors will tend towards greater homogeneity in 
the particle sizes, as actually observed. The zone will probably have 
approximately the form of a cone with the jet at the apex. 

To a first approximation, the zone produced by the column of vapor en¬ 
tering the liquid may be regarded as the additive effect of a number of 
columns of smaller cross-section, i.e., with a given pressure the equilib¬ 
rium will be practically independent of the cross-section of the jet. This 
was found to hold when the pressure was not too low. The above conclu¬ 
sions may be applied, therefore, to the influence of increasing pressure with 

a given jet, instead of with a fixed value of . 
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Influence of soap concentration 

Suppose that with fixed conditions of injection, ^ is decreased. This 

means that in passing through the zone a particle will grow less than before, 

i.e., fip will be reduced. In order to maintain ^ constant, ~ must be 

increased, and conditions will therefore alter in such a way that this is 
effected. A given mass of the condensate will then comprise a larger 
number of smaller particles than before. The effect of an increasing con¬ 
centration of sodium oleate in the aqueous phase of the emulsion may be 

ascribed to this phenomenon, since ~ will be reduced progressively by 

addition of a surface-active colloid, through formation of a film round the 
particle which obstructs the access of further molecules. Now if the soap 

had no influence on ^ at a given supersaturation of oil, the requisite in- 


d t 


dt; 


crease in ^ would necessitate a rise in the equilibrium supersaturation. It 

has been shown, however, that nucleus formation is conditioned by the 
interfacial tension, and since the latter is diminished by addition of soap, 

d m 

the reduction of is accompanied by a fall in the critical number of mole¬ 
cules, 112 . The range of group sizes available for nucleus formation by 

dv 

molecules of average energy is thereby extended, so that will rise inde¬ 
pendently of an increase in supersaturation. It does not follow that the 

dt; 

latter will not take place, but the rise necessary will be less than if - 5 - were 

at 

independent of the soap concentration. 


CONCLUSION 

No claim is made for the experiments described, that they are exhaustive 
even over the limited field investigated, but the results obtained warrant 
the conclusion that an important new avenue of research has been opened. 
The study of emulsification by this new method is of interest in connection 
both with emulsions and with general condensation processes. An im¬ 
portant feature of the work is quantitative specification of the experimental 
conditions and results. 


SUMMARY 

1 . The possible means of preparing emulsions are discussed briefly in 
relation to the general methods of colloid chemistry, on the basis of the 
division into dispersion methods and condensation methods. 
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2. An experimental condensation method of preparing emulsions by 
injection of oil vapor into an aqueous liquid is described, and results ob¬ 
tained with the system benzene-sodium oleate solution are correlated on 
the basis of the particle size distribution, as determined by a sedimentation 
method. It is found that over the range of conditions investigated, the 
dispersion is independent of the vapor temperature, and of the cross-section 
of the jet if the pressure is not too low, but is made more homogeneous 
(without considerable alteration of the mean size) by increasing the pres¬ 
sure. Increase of the sodium oleate concentration effects a progressive 
shift in the range of particle sizes in a downward direction. The emulsions 
are reproducible and very homogeneous, practically the entire disperse 
phase lying between radius limits of which the higher is about twice the 
lower. Emulsions so formed are unstable if the initial soap concentration 
is low, but may be made more stable by the addition of more soap after¬ 
wards, and from the data it is concluded that the function exercised by the 
soap and emulsification is independent of its stabilizing action. 

3. The mechanism of this process of emulsification is considered, and 
the experimental results are correlated by postulating the formation and 
growth of nuclei in the liquid phase. 

In connection with the research, grateful acknowledgments are due to 
the following: The Department of Scientific and Industrial Research, for 
a Senior Research Award which enabled the work to be undertaken; Mr. 
D. C. Henry (Director of the Thomas Graham Colloid Research Labora¬ 
tory in the University of Manchester), for laboratory facilities and for en¬ 
couragement; Dr. W. Clayton, for his interest in the research and assist¬ 
ance in connection with publication. 
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INTRODUCTION 

Baume and Perrot (1) used the phase law method to investigate the 
system methyl alcohol-ammonia. Broderson (2) used the same method 
with the system ethyl alcohol-ammonia. Baume and Perrot found that 
the compound CH3OHNH3 was formed in the ammonia-methyl alcohol 
system. Broderson found the compounds formed in the ammonia-ethyl 
alcohol system to be C2H 6 OH NH 3 and 2(C 2 HfiOH) NH 3 . 

The object of this work was to apply the phase law method to systems of 

ammonia and some of the other alcohols of this series. 

* 

APPARATUS 

The melting points were determined using a nickel-iron thermocouple, 
the potential differences being measured with a potentiometer. 

The thermocouple was constructed by joining the junctions with bronze 
solder. The copper-nickel and the copper-iron junctions were kept sur¬ 
rounded by chipped ice from which the water drained away. The nickel- 
iron junction was placed in the melting point apparatus. 

Calibration of the thermocouple 

Table 1 gives the data used in plotting a curve from which melting points 
in degrees centigrade were read. 

Melting point tube 

The melting point tube used is shown in figure 1. The samples of alcohol 
and ammonia were introduced through A. C is a constriction in the glass 
tubing. The glass rod D carried a short piece of rubber tubing, B, at the 
lower end. The rod D has a constriction underneath the rubber tubing B, 
so that the tubing is held in place by means of a platinum wire wrapped 
around the tubing just over the constriction in the glass rod. 

1 From a thesis submitted by Ethel Ann Jones to the Faculty of the Graduate 
School of the University of Kansas in partial fulfillment of the requirements for the 
decree of Doctor of Philosophy. 
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The rod D was held in place at the upper end at E by a short piece of 
rubber tubing. When the rod was raised the rubber tubing at B closed the 
melting point tube at the constriction C. 

F is a glass tube, closed at the lower end, and sealed into the larger tube. 
The small tube F was used to carry the thermocouple to the lower end of the 
melting point tube. G is a hollow cylinder of iron with coils of steel wire 
attached at H and H'. 

These steel coils served two purposes: first, to stir the ammonia alcohol 
system, and second, to break the rise and fall of the iron cylinder, thus 
protecting the glass tube. 

Method of stirring the alcohol-ammonia systems 

The melting point tube carrying the iron cylinder and coils was slipped 
through a coil made from a large number of turns of copper wire carrying 


TABLE 1 

Calibration of thermocouple 


C \I IBRATINO SUBSTANCES 

. IOTENTIOMETER 
KKADINCS 

TEMPERATURE 


xolts 

degrees C 

Ammonia 

0 001033 

b p. -33 4 

Chlorobenzene 

0 001412 

f p -45 2 

Chloroform 

0 001955 

f p -63 5 

Ammonia 

0 002362 

fp -78 

Carbon dioxide (solid) 

0 002405 

8 p —78 92 

Carbon disulfide 

0 003252 

f p -111 6 

Ethyl ether 

0 003552 

f p -116 3 


an intermittent d. c. current which alternately magnetized and demagne¬ 
tized the iron cylinder, causing it to move upward and downward, resulting 
in the coil H stirring the system in the lower part of the melting point tube. 

The d. c. current was made intermittent by a motor-driven interrupter 
making contacts at intervals of about one per second. Contact was about 
one-tenth of a second in duration. 

In figure 2, J is a large test tube. L is a tube ending under mercury at 
Q with water above the mercury. The tube L takes care of any excess 
pressure developed in J. The tube K connects J with the melting point 
apparatus M through a short rubber connection at X. O is a Dewar flask 
containing liquid air. The Dewar flask was supported in a glass cylinder 
with cotton plugs holding it in place 

MATERIALS 

The liquid ammonih used was dried by distilling from contact with 
sodium. The alcohols were of Eastman grade dried with metallic calcium 
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METHOD 

The melting point tube M, figure 2, was cleaned by connecting as shown 
in figure 2 with the valve at B pushed down. The test tube J contained 
liquid ammonia in contact with sodium. The melting point tube M was 
about one half immersed in liquid air, resulting in ammonia condensing in 
M. When about 20 cc. of ammonia had distilled into the tube, the connec- 



M 

Fig. 1 



Fig. 2 


Fig. 1. Melting Point Tube 


Fig. 2. Apparatus for Melting Point Determinations 


tion at X was broken. The rubber tubing was left on the tube K and was 
closed with a screw clamp S. The melting point tube M was then removed 
from the liquid air and the ammonia allowed to melt. The liquid ammonia 
passed rapidly out of the tube A on inversion of the melting point tube. 
The above procedure was repeated three times. The melting point tube 
was then connected at A to the vacuum pump. After several minutes the 
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tube was closed at A with a rubber tube and screw clamp, disconnected 
from the vacuum pump, and weighed. All weighings were made in a 
silvered Dewar flask. The melting point tube M was then evacuated again 
and connected as shown in figure 2 to a clean test tube J containing the sam¬ 
ple of alcohol to be introduced into M. On opening the screw clamp S the 
alcohol flowed up through K' and K into M. The tube K 7 was used only 
when alcohol was being transferred from J to M. A rubber tube and 
screw clamp was then placed on A and the melting point tube M, contain¬ 
ing the alcohol, was weighed, and then connected again to the test tube J 
containing liquid ammonia in contact with sodium. After the desired 
quantity of ammonia had distilled into M, the valve B was closed and the 
melting point tube M was allowed to stand above a small quantity of liquid 
air in the Dewar flask, so that the ammonia melted from the upper surface 
downward and before the alcohol; this was done in order to prevent the 
melting of the alcohol first with its resulting expansion causing breaks in 
the melting point tube at F and N. After the ammonia and alcohol had 
melted, the melting point tube was placed in the magnetizing coil, the 
thermocouple was introduced into the small tube at F, and a melting point 
determination made as follows. The potentiometer was balanced against 
a standard cell so that a spot of light reflecting from a galvanometer mirror 
rested on zero of a scale. A switch was then turned bringing the thermo¬ 
couple into the potentiometer circuit. The motor for breaking the d. c. 
current was then started, resulting in the thorough stirring of the solution 
as it was cooled with liquid air. As soon as the solution was partly solidi¬ 
fied the flask of liquid air was lowered and the temperature of the mixture 
allowed to rise slowly. When only a few crystals remained in the thor¬ 
oughly stirred solution the potentiometer was balanced, read, and the above 
procedure repeated. The melting point tube was then prepared for weigh¬ 
ing again so that the weight of ammonia in the system could be calculated. 

RESULTS 

Measurements of molecular percentage compositions and freezing points 
were made with the results given in tables 2 to 7 (see figures 3 to 8). 

Normal propyl alcohol did not crystallize but solidified as a clear glass. 
Mixtures of the alcohol and small quantities of ammonia also gave glasses. 
At 21.74 mole per cent of ammonia distinct crystallization occurred. 

The fusion curve for the system normal propyl alcohol-ammonia indi¬ 
cates: (1) There is formed one compound of ammonia and normal propyl 
alcohol, composed of one mole of ammonia and one mole of alcohol. The 
melting point is about — 77.1°C. (2) The compound formed is relatively 
slightly dissociated into ammonia and the alcohol, since the change in 
direction of the curve at its maximum point is sharp. (3) One eutectic 
is distinctly indicated at about — 90°C., having a composition of 73.5 mole 
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TABLE 2 


Data for Ike fusion curve of ammonia and normal propyl alcohol 


MOLB PER CENT OF 
AMMONIA 

MELT IN O POINT 

MOLB PER CENT OF 
AMMONIA 

MELTING POINT 

0 0 

degrees C 

—i27 1 j 

66 95 

degrees C. 

-86 2 

21 74 

(not definite) 

—99 0 

68 73 

-87 1 

29 39 

-91 0 

70 79 

-88 6 

31 39 

-88 8 

72 42 

-89 3 

36 69 

-83 7 

75 55 

-88 2 

37 8 

-82 8 

77 29 

-87 0 

42 37 

-79 3 

78 3 

-86 7 

44 65 

-79 0 

79 32 

-86 7 

46 21 

-78 2 

83 18 

-83 5 

49 66 

-77 1 

85 12 

-82 0 

50 73 

-77 1 

89 66 

-81 1 

51 66 

-77 3 

95 54 

-79 1 

53 58 

-78 0 

96 12 

-78 9 

55 12 

-79 6 

97 17 

-78 1 

56 15 

-80 1 

99 25 

-77 5 

60 89 

-81 4 

100 00 

-77 4 

63 3 

65 67 

i i 


_ 


TABLE 3 


MOI B PER CENT OF 

ammonia 

MBLTINO POU 


degrees C 

0 0 

-86 6 

0 31 

-87 4 

13 82 

Glass 

21 82 

-88 1 

27 11 

-85 0 

36 75 

-81 1 

43 33 

-76 3 

46 79 

-73 9 

48 66 

-72 8 

49 98 

-72 0 

50 98 

-71 9 

54 28 

-71 9 

56 60 

-71 9 

59 16 

-72 2 

60 62 

-72 9 

61 84 

-72 9 


rr 

MOLB PER CBNT OF 
AMMONIA 

MELTING POINT 


64 26 

degrees C 

-74 0 


68 51 

-75 5 


72 19 

-77 8 


73 57 

-79 1 


76 97 

-82 1 


80 55 

-85 1 


82 6 

-85 6 


87 07 

-85 2 


88 06 

-84 8 


89 16 

-83 6 


91 28 

-83 0 


92 78 

-82 0 


97 87 

-79 7 


98 51 

-78 8 


100 00 

-77 4 
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Fig. 3. Ammonia-ti-Propyl Alcohol 



per cent of ammonia. There is probably another one below — 127°C., 
which could be definitely located if the system could be made to crystallize 
in this region. 

The fusion curve for the system ammonia-isopropyl alcohol indicates: 
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(1) There is one compound of ammonia and isopropyl alcohol formed, 
composed of one mole of ammonia and one mole of the alcohol. The melt¬ 
ing point of the compound is about — 71.9°C. (2) The compound is rela¬ 
tively more dissociated than the one in the ammonia-normal propyl alco¬ 
hol system. This is indicated by the flattened portion of the curve at its 
maximum. (3) There are two eutectic mixtures, one in the region having 
the composition between zero mole per cent of ammonia to 21.82 mole per 
cent and below — 87°C. Owing to the formation of a glass this eutectic 
could not be definitely located. The other eutectic was in the region of 
85 mole per cent of ammonia and at about — 86°C. 

TABLE 4 


Data for the fusion curve for the ammonia-normal butyl alcohol system 


MOLE PER CENT OP 
AMMONIA 

MELTING POINT 

MOLE PER CENT OF 
AMMONIA 

MELTING POINT 

, 

0 00 

degrees C. 

-90 4 

67 31 

degrees C. 

-66 7 

1 8 

-91 9 

69 32 

-67.7 

13 95 

-80 6 

71 22 

-68.4 

15 60 

-77.4 

74 08 

-68.9 

17.69 

-74 2 

77 4 

-71 8 

22.70 

-72 8 

78 05 

-71.6 

29.56 

-69.4 

80 31 

! -72 7 

32 53 

-66 6 

83 12 

-72 9 

39 38 

-61 9 

83 42 

-72.6 

39 98 

-62.3 

86 95 

-75.2 

43 77 

-61.3 

89 7 

-76.6 

47.62 

-60 1 

91 76 

-77.1 

50.44 

-60 2 

93 16 

-77.3 

52 24 

-60 6 

95 5 

-77.5 

56 43 

-62 0 

96 16 

-78.2 

57.53 

62 1 

96 7 

-78.3 

59 59 

-63 1 

97.0 

-78.4 

62 51 

-63 6 

100 0 

-77.4 


The fusion curve for the system ammonia-normal butyl alcohol indi¬ 
cates: (1) There is one compound of ammonia and normal butyl alcohol 
formed. It is composed of one mole of ammonia and one mole of normal 
butyl alcohol and melts at about -60°C. (2) The compound formed is 

but relatively slightly dissociated, this is indicated by the fact that the 
curve is relatively sharp at the maximum. (3) There are two eute< tic mix¬ 
tures indicated, one in the region having the composition between 1 mole 
per cent of ammonia and 13.95 mole per cent and below — 90.4°C. The 
other one is in the region having a composition of about 97 mole per cent 
of ammonia and a temperature of — 78.4°C. 
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The fusion curve for the system ammonia-isobutyl alcohol indicates: 
(1) There is one compound of ammonia and isobutyl alcohol formed. It is 
composed of one mole of ammonia and one mole of isobutyl alcohol, and melts 
at — 59.1°C. (2) The compound formed is but slightly dissociated, since 
the curve is relatively sharp at the maximum. (3) The pure isobutyl 
alcohol solidifies forming a glass so that the composition and temperature 
for the eutectic mixture in the region of 100 mole per cent alcohol was not 
determined. On the other hand, in the region of 97 mole per cent of am¬ 
monia a eutectic mixture formed at — 78.5°C. 

TABLE 5 


Data for the fusion curve for the ammonia-isobutyl alcohol system 


MOLE PER CENT OF 
AMMONIA 

MELTING POINT 

MOLE PER CENT OF 

AMMONIA 

MELTINO POINT 


degrees C. 


degrees C. 

0.00 

—108.0 

64.85 

-66.4 


value given in 

66.32 

-67.0 


critical tables 

69.37 

-68.4 

12.52 

-83 4 

71.39 

-68.9 

17.17 

-78 1 

71.42 

-69.4 

27.92 

-71.2 

73.63 

-71.2 

30.88 

-68.1 

76.5 

-72.3 

37.16 

-65.0 

78.61 

-73.2 

39.57 

-62.6 

80.42 

-74.6 

43.25 

-59.6 

81.25 

-74.9 

43.63 

-60.0 

82.84 

-76.0 

46.07 

-59.6 

84.2 

-76.0 

48.16 

-59.3 

86.92 

-77.5 

50.13 

-59.1 

90.96 

-77.3 

51.12 

-60.2 

92.2 

-77.9 

51.89 

-59.5 

93.77 

-78.6 

54.91 

-61.6 

95.21 

-78.2 

55.05 

-60.3 

95.85 

-78.1 

57.44 

-62.9 

96.28 

-78.5 

61.62 

-64.3 

97.29 

-78.5 

64.06 

-65.4 

100.00 

-77.4 


The fusion curve for the system ammonia-secondary butyl alcohol 
indicates: (1) There is one compound of ammonia and secondary butyl 
alcohol formed, composed of one mole of ammonia and one mole of the 
alcohol. Its melting point is — 60°C. (2) The compound formed is but 
relatively slightly dissociated, since the curve is relatively sharp at its 
maximum. (3) There are two eutectic mixtures possible but, since the 
alcohol solidified to a'glass at — 114.7°C. and did not give crystals until 
about 13 moles per cent of ammonia were added, the exact composition 
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of this eutectic was not determined. The other eutectic is in the region 
of about 97 mole per cent of ammonia and about — 79°C. 

The fusion curve for the system ammonia-ternary butyl alcohol indicates: 
(1) There is one compound of ammonia and tertiary butyl alcohol formed, 




Fig. 8. Ammonia-Isobutyl Alcohol 

composed of one mole of alcohol and one mole of ammonia, and melting at 
—43.9°C. (2) The compound formed is relatively more dissociated than 
the compound formed between ammonia and the other butyl alcohols. 



? M p #r «tur« in Degrees CentlgmAe Temperature In Decree* Centigrade 
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TABLE 6 


Data for the fusion curie for the ammoniasecondary butyl alcohol system 


MOLE PER CENT OF 
AMMONIA 

MELT1NQ POINT 

MOLE PKK CENT OF 
AMMONIA 

MELTING POINT 

0 0 

degrees C 

-114 7 

1 62 17 

degrees C 

-63 3 

13 0 

-94 2 

• 68 86 

-66 4 

16 78 

-90 4 

71 83 

-66 9 

21 36 

-79 9 

76 63 

-68 6 

26 91 

-73 4 

77 86 

-70 0 

30 95 

-69 4 

j 80 93 

-72 1 

32 9 

-66 6 

; 84 91 

-73 6 

38 94 

-62 8 

| 86 63 

-74 2 

41 06 

-61 7 

| 88 23 

-74 4 

45 72 

-60 5 

90 61 

-76 1 

48 19 

-60 2 

91 87 

-76 5 

49 83 

-60 1 

93 69 

-77 9 

52 63 

-60 7 

1 94 73 

-78 5 

56 43 

-62 0 

98 67 

-78 1 

58 62 

-61 9 

| 100 00 

-77 4 


TABI L 7 

Data^for thi fusion curu for th( ammonia tnhary butyl abohol system 


MOLE PER C f NT Ol 
AMMONIA. 

MEIlINf POINT 


degrees C 

0 0 

25 7 

1 3 

19 6 

3 33 

18 8 

8 01 

11 1 

11 53 

5 9 

20 81 

-6 7 

29 98 

-20 1 

39 45 1 

-37 b 

40 19 

-39 6 

41 31 

-43 0 

43 98 

-44 8 

44 4 

-44 7 

44 99 

-43 3 

48 45 

-44 3 

51 47 

-43 9 

55 93 

-44 2 

56 13 

-44 1 

57 37 

-45 5 

59 3 

-44 8 

60 92 

-4b 1 

62 04 

-46 9 


MOLL PER CENT OF 
AMMONIA 

MEITINO POINT 

63 22 

degrees C 

-47 4 

64 93 

-47 3 

68 45 

-49 5 

70 93 

-53 0 

72 39 

-52 3 

74 85 

-52 7 

77 88 

-54 5 

78 53 

-55 9 

81 77 

-56 6 

87 04 

-61 7 

89 31 

-63 7 

91 08 

-66 7 

92 34 | 

-68 5 

94 09 

-69 9 

95 15 

-71 8 

96 02 

-73 6 

96 45 

-76 0 

96 84 

- 77 

97 49 

-77 5 

99 12 

-77 1 

100 00 

-77 4 
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TABLE 8 


OBSERVER 

AMMONIA 

MILTING 

POINT 

mm 

COMPOUNDS 

EUTECTICS 

Composition 

Melting 

point 

Melting 
point in 
Critical 
Tablet 

Typed tolid 

Composition 

Melting 

point 

(jnalitatiYo inden¬ 
tion d dissociation 

Composition 

Melting point 

Composition 

Melting 

point 


JfHlP 


d«gw, 

C 

degree, 

a 



degree, C 



drgr(f,C, 


degree, 

c 

Jones 

-774 

Normal propyl alcohol 

-1271 

-127 

Glass (1) 

CHrCHrCHjOH'NH, 

-771 

Relatively 

Less than 21,74 mole 

Less than 

73,5 mole per 

90 



CHrCHfCHjOH 






slight 

per cent ammonia 

-127 

cent ammonia 


Jones 

-774 

Isopropyl alcohol 

-860 

-858 

Crystals 


-719 

More than in 

Less than 21,82 mole per 

Below 

85 0 mole per 

-86 



>■ 




ch/ hoh ’ 


the preced¬ 
ing case 

cent ammonia 

-87 

cent ammonia 


Jones 

-774 

Normal butyl alcohol 

-904 

-898 

Crystals 

CHrCHrCHjCHjOHXH, 

-60 

Relatively 

Less than 13,95 mole per 

Below 

97 mole per cent 

-784 



CHj'CHj-CHrCHjOH 






slight 

cent ammonia 

-904 

ammonia 


Jones 

-774 

iNobutyl alcohol 

-108 

-108 

Glass (1) 

CH\ 

•Vh.PHM.XH 

-591 

Relatively 

Less than 12 52 mole per 

Below 

97 mole per cent 

-785 



>«« 




CH w 


slight 

cent ammonia 

-108 

ammonia 


Jones 

-774 

milky Butyl alcohol 

-1147 

.Not 

Glass 

CH.CHi-CHOHCH.OJH, 

-to 

Relatively ‘ 

\m than 13 mole per 

Below 

97 mole per eent 

-79 



CH,CHi-CHOH-CH, 


Riven 


< 


slight 

eent ammonia 

-mi 

ammonia 


Jones 

-774 

icriiq Butyl alcohol 

257 

255 

Crystals 

CH,v 

-439 

Relatively 

42 5 mole per cent 

-43 

97 mole per cent 

-775 



CHa 




CHrCOHXH, 


kigh 

ammonia 


ammonia 




CHrCOH 

ch/ 




ch/ 







Baume and 


Methyl alcohol 


-978 



+55 

Relatively 





Perrot (2) 


CHjOH 






slight 





Broilem 

-705 

Ethyl alcohol 

-112 

-1173 


CjHjOH'NH, 

-742 

Relatively 





P) 


CjftOH 




wm 


slight 











Transition point -89 5°C. 







Briner and 


Phenol 


41 


CAOIM, 

Near 

Relatively 

36 mole per cent 

0 

65 mole per cent 

-20 

Agathon 

(A 


0,11011 





0 

high 

ammonia 


ammonia 



(1) G»chkM,PM3(M), 

(2) Baume and Perrot: Compt, rend, 151, 528 (1910). 

(3) Broderson: The Fusion Curve of Ammonia and Ethyl Alcohol Master’s thesis, University of Kansas, 1911, 

(4) Brincr and Action: Helv. Chim. Acta9,905 (1926). 
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(3) Two eutectic mixtures are indicated; one having a composition of about 
42.5 mole per cent of ammonia and melting at about — 43°C., the other 
at about 97 mole per cent of ammonia and melting at — 77.5°C. 

These data are summarized in tables 8 and 9. 

DISCUSSION 

There are two possibilities to be considered in attempting to explain the 
mechanism of addition reactions between oxygen compounds and nitrogen 
compounds. In the systems of anhydrous ammonia and alcohols described 
by the fusion curves previously given, the question is whether the com- 


TABLE9 



AICOHOI 

MELTING 

l’OINI 

OK 

AICOHOI 

MELT IN*. 
POINT 

Ot 

COM¬ 

POUND 

7\50 MOI E PER 

CENT AMMONIA) — 

T (55 MOLE PE It 
CENT AMMONIA) 

QUALITATIVE INDICATION 
Ot DISSOCIATION Ot 
COMPOUND 

f 

Propyl 

degrees 

( 

-127 

drgnes 

( 

-77 1 

1 4 

Relatively slight 

Prinjury \ 

Butyl 

-89 8 

-60 

1 3 

Relatively slight 

{ 

Isobutyl 

-108 

-59 1 

1 9 

1 

Relatively slight 


Isobutvl 

-85 8 

-71 9 

0 1 

Relatively more 

Second¬ 

ary 

secondary Butyl 

-114 7 

-60 

| 

0 s 

than in preceding 
case 

Relatively more 

Tertiary 

tertiary Butyl 

25 5 

1 

1 

-43 9 

1 Less than 0 1 

than in preceding 
case 

Relatively high 


pounds are formed by ammonia adding to the oxygen of the alcohol as rep¬ 
resented by this general reaction: 

H 

I 

ROH + HNH> = R—() -H 


NHj 

or whether the alcohol adds to the nitrogen of the ammonia in this manner: 

H H 

I I 

H—N + ROH * H— N—OR 

I /I 

H H H 

It has been thought by several workers (3) in the field that compounds 
are formed between a number of types of oxygen compounds such as alco- 
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hols, ethers, aldehydes, ketones, and acids combining with both organic 
and inorganic acids. 

The oxonium theory attempts to explain the mechanism of compound 
formation in these cases by considering that combination may be due to the 
basic properties of oxygen. The ending “onium” indicates basic proper¬ 
ties. Many oxygen reactions can be explained if the valence of oxygen is 
considered greater than two. 

Elements near oxygen in the periodic system show basic properties, for 
example, iodine in phenyl iodide is able to add another mole of phenyl 
iodide forming diphenyl iodonium iodide, which on being treated with silver 
hydroxide gives diphenyl iodonium hydroxide, a strong base. Sulfur gives 
a basic substance in the compound (CH 3 ) 3 SOH. These facts help support 
the oxonium theory by indicating that the elements near oxygen in the 
periodic table show basic properties. 

In the systems studied, consisting of alcohols and anhydrous ammonia, 
we have in the alcohols oxygen which may function as oxonium oxygen 
and in the ammonia nitrogen which may react as ammonium nitrogen. 

Ammonia (4) in some cases behaves as a saturated substance, since it 
does not combine with more hydrogen to form NH 4 or NH 6 . In some 
cases it shows unsaturated properties, in that it combines directly with 
water to form* ammonium hydroxide. 

Rupert (5) shows that ammonia forms with water two compounds both 
freezing at — 79°C. One compound is formed by the addition of one mole 
of ammonia and one mole of water. The properties of a solution of am¬ 
monia in water indicate that these properties would be represented by a 
substance having the formula NH 4 OH. This compound could be consid¬ 
ered to be formed in this manner: 

H H 

\i 

NH, + H + + OH" = (NH )H + + OH' = NII.OII = NOH 

H H 

Rupert’s second compound has the composition, 2NH»-H s O or (NH«)»0 
and could be called ammonium oxide. Addition in this compound can be 
represented as follows: 

NH, + HOH + NH, - NH,ONH, 

Ammonia (4) also combines with hydrochloric or other acids to form ^alts. 

H H H 

I \ / 

H—N + HC1 - N—Cl 

/ \ 

H II 


H 
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In this type of reaction ammonia is able to add only pairs of unlike atoms 
or groups which show a contrast to each other. It is not able to add a pair 
of chlorine atoms or a pair of hydrogen atoms. One of the characteristics 
of this type of valence change is that one of the atoms or groups added is 
always capable of splitting off as a negative ion, leaving the other atom or 
group as a part of the positive ion. Another characteristic property is the 
fact that the addition reaction can be easily reversed. In the case of am¬ 
monium hydroxide the reversal to ammonia and water takes place so 
readily that it is impossible to isolate the ammonium hydroxide above 
~79°C. 

In the case of ammonium chloride the union is much more stable and dis¬ 
sociation into ammonia and hydrogen chloride takes place appreciably only 
at higher temperatures. 

This type of valence change shown by nitrogen in ammonia compounds 
is not generally shown by other elements, but is definitely shown by 
several members of the nitrogen family, also by oxygen, sulfur, and iodine. 

Water forms with hydrogen chloride three (6) unstable hydrates. The 
monohydrate may be indicated as 

II H 

\l 

O—Cl 

/ 

H 

This is analogous to the formula for ammonium chloride 

H H 

\l 

N—Cl 

/I 

H H 

The hydrate of hydrogen chloride is much more easily decomposed 
than is ammonium chloride. It may be that the only difference between 
the unsaturation shown by ammonia and the unsaturation shown by water 
is in the degree of stability of the products. That is, the salts formed by 
the action of acids and ammonia are stable and form an important class of 
compounds. But the products formed by the addition of acids to water 
and similar oxygen compounds are so unstable that they have been ne¬ 
glected. 

Combinations formed then by additions to ammonia are called ammonium 
compounds; the corresponding oxygen compounds which are much less 
stable are known as oxonium compounds. Other substances which show 
similar properties are known as phosphonium, arsonium, stibonium, sul- 
fonium, and iodonium compounds. As a group they are referred to as 
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“oxonium” compounds. All have the general characteristics shown by 
the ammonium compounds in that: (1) they are formed by the addition of 
a positive and a negative group to some compound; (2) one of the groups 
added breaks off as a negative ion; (3) the addition products are unstable 
and may dissociate again into two definite compounds. 

In order to prove the type of addition of alcohols with anhydrous am¬ 
monia some of the properties of the compounds would have to be deter¬ 
mined in order to decide whether the compounds are of the general type 


H H H 

i \i 

R -O—H or N - OR 

I /I 

NH, H H 

or possibly, 

R 

I 

H—N—OH 

/I 

H H 


The primary alcohols resemble each other in properties more than they 
resemble either the secondary or tertiary alcohols, that is, each member of a 
class resembles other members of the same class. Therefore, it is not sur¬ 
prising to find some differences in the relative dissociation of the alcohol 
ammonia compounds formed with the three classes of alcohols. As shown 
in table 9, the relative dissociation of the compounds formed between 
anhydrous ammonia and the primary, secondary, and tertiary alcohols 
used in these studies is in the following order: primary alcohols-ammonia, 
relatively slight dissociation; secondary alcohols-ammonia, slightly more 
dissociated; tertiary alcohols-ammonia, dissociation relatively high. 


SUMMARY 

1. The fusion curves for systems of ammonia-propyl alcohols and am¬ 
monia-butyl alcohols, together with similar curves previously obtained 
for the systems ammonia-methyl alcohol and ammonia-phenol, indicate 
very definitely the formation of a compound in each case consisting of one 
mole of the alcohol and one mole of ammonia, each compound having a 
congruent melting point. 

2. The curve for the ammonia-ethyl alcohol system indicates definitely a 
compound CiHsOH-NHs with a congruent melting point and seems to 
indicate another (C 2 H*OH )2 • NHs(2), but this was not definitely determined. 

3. The fusion curves for the systems ammonia-terJiary butyl alcohol and 
ammonia-phenol are not as smooth as the others. At some places it can¬ 
not be definitely stated whether other compounds are indicated. 
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4. The dissociation of the ammonia-alcohol compounds formed is in the 
order: primary alcohol-ammonia, relatively undissociated; secondary 
alcohol-ammonia, slightly more dissociated; tertiary alcohol-ammonia, 
relatively highly dissociated. 

5. A value for the melting point of secondary butyl alcohol was not found 
in the literature. The melting point as determined by the method used 
in this work is — 114.7°C. 

6. The ammonia-alcohol compounds may be oxonium or ammonium 
complexes. 
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INTRODUCTION 

The setting of a gel of hydrated silica, or a silicic acid gel as it is com¬ 
monly called, is affected, among other things, by the concentrations of the 
solutions, the type of silicate, the temperature, the pH of the mixture, 
and the presence of additional soluble materials. Several investigations 
are being conducted in this laboratory upon the effects of some of these 
factors upon the time of set. In connection with a study of the effect of 
the pH of the mixture, the idea suggested itself that measurements be 
made upon the pH of mixtures containing certain additional solutes such 
as ammonia, the amines, pyridine, and certain others. 

In this paper are presented some of our typical results. The effect of 
the change in the pH of the mixture and the specific effects of certain sub¬ 
stances are shown. An attempt has been made to explain certain of these 
results. 

The gel mixtures were prepared by mixing solutions of sodium silicate 
with dilute acetic acid. Such a process produces in the mixture sodium 
acetate together with excess acetic acid. A possible, though not prac¬ 
ticable, way of avoiding the presence of these soluble materials has already 
been pointed out by Hurd and Letteron (1), that is, to start with a pure 
suspension of colloidal silicic acid in water. The results of Werner (2) 
and Kroger (3) show that the removal of the last trace i of electrolytes is 
impossible. It is also obviously impossible to determine the time of set 
correctly. 

The results of various studies reported in the literature on the effects of 
added materials on the time of set of the gel are difficult to interpret, be¬ 
cause in general the specific effect of the solute has not been distinguished 
from the indirect effect due to a change in the pH of the mixture. We may 
mention here only a few of the results reported. 

The addition of strong bases has been found to prevent the formation of 
a gel, in fact, solutions of sodium hydroxide will peptize an already formed 
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silicic acid gel. The effect of weak bases is less pronounced than that of 
strong bases. The effect of ammonia was studied by Bhatnagar and 
Mathur (4). Various compounds, including ammonia and pyridine, were 
studied by Prasad and Hattiangadi (5). The latter determined the pH of 
their mixtures. These compounds were found to accelerate setting. 

The effect of excess acid has been considered by many workers. We may 
mention Holmes (6), Prasad and Hattiangadi (7), Maschke (8), and 
Pappada (9). Excess acid has been found to increase the time of set, 
although Holmes, and later Hurd and Letteron, have shown that at high 
acid concentrations the time of set decreases rapidly, until at very high 
acid concentrations sodium silicate solutions cannot be mixed with the 
acid to give a clear solution. 

The effect of salts on the time of set has been considered by a number of 
workers, including Prasad and Hattiangadi, Pappada, and Werner. 

The effects of various unionized solutes have been studied, among 
them the alcohols, studied by Prasad and Hattiangadi, and certain gums 
and sugars, investigated by Wulf and Praetorius (10). 

The general impression received from a survey of the literature is that 
the addition of bases to an acid gel mixture hastens the setting and that 
excess acids retard the setting. The effects of other solutes have not in 
general been divided into their effect on the pH of the mixtures and their 
specific effects. 


EXPERIMENTAL 

The determination of the pH in colloidal solutions has been the subject 
of much study and of voluminous discussion. The system under investi¬ 
gation here involves a colloidal material, namely colloidal silicic acid. In 
similar systems Prasad and Hattiangadi (7) have measured the pH by 
means of an indicator method. They note in their discussion, however, 
that the turbidity of the gel mixture caused difficulty in determining the 
color of the indicator, and also that the alcoholic solution affected the 
setting of the gel. 

A study of the various methods has led us to the belief that the quin- 
hydrone method would prove the most applicable, especially since no 
alkaline gels were to be studied. A study of gels formed from alkaline 
mixtures has led us to believe that such gels differ considerably from the 
gels produced from acid mixtures. We have, accordingly, limited our 
study to acid gels. 

A series of determinations of the pH of gel-forming mixtures from the 
time of mixing until after the time of set, using the quinhydrone method, 1 
has shown that only a negligible change, if any, in the pH of typical acid 

s 

1 These experiments were performed by Mr. D. P. Roehm at Union College in 
1931-1932. 
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mixtures of various sodium silicate solutions with excess acetic acid occurs 
from the time of mixing until after the gel has set. As a further check on 
the quinhydrone method, comparisons were made of the pH values ob¬ 
tained on portions of the same mixture by the quinhydrone method and by 
the use of a special glass electrode-vacuum tube potentiometer circuit, 
using a Mclnnes and Dole electrode. 2 The agreement was within the 
limits of experimental error. No doubt there is a possibility that the 
quinhydrone may have a specific effect on the time of set. The time of 
set and the pH were accordingly determined on portions of the same 
mixture, no quinhydrone having been added to the portion upon which the 
time of set was determined. 

The time of set was determined as follows. The correct amounts of 
solutions were drawn from bottles which had been standing for at least 
several hours in a water thermostat. They were mixed in a 100-cc. Pyrex 
Griffin beaker which was standing in the thermostat. The time of set 
was determined by the tilted rod method described by Hurd and Letteron 
(1). The method consists of inserting a small stirring rod into the gel at 
an angle of about 20° to the vertical until the gel is stiff enough to hold the 
rod in its tilted position. The glass rod is about 3 mm. in diameter and 
about 8 cm. long, drawn out to a stubby point and fire-polished. 

The effects*of ammonium hydroxide, of methyl-, dimethyl-, and trimethyl- 
amines, of pyridine, and of aniline were studied. The sodium silicate was 
“E” brand, Philadelphia Quartz Company silicate. 5 It was diluted with 
distilled water. The concentration was determined by titration with 
standard sulfuric acid using methyl orange, giving the sodium hydroxide 
equivalent. From this and the soda-silica ratio supplied by the maker, 
the concentration in equivalents of sodium hydroxide and gram-moles of 
silica per liter were calculated. The acetic acid was prepared from J. T. 
Baker c.p. acetic acid by dilution with distilled water. Its strength was 
determined by titration with standard sodium hydroxide, using phenol- 
phthalein as an indicator. 

The ammonium hydroxide was prepared by diluting Grasselli c.p. 
ammonium hydroxide (sp. gr. 90). The methylamine was prepared and 
purified in our laboratory. The other amines were purchased from the 
Eastman Kodak Company, the dimethylamine in the form of the hydro¬ 
chloride. This amine was set free by distillation from a solution of the 
hydrochloride with excess sodium hydroxide. The strengths of the 

* By the courtesy of Mr. B. W. Nordlander of the Research Laboratory of the 
General Electric Company. The special apparatus employed in this determination 
is described in an internal report of the Research Laboratory. 

* The writers wish to thank the Philadelphia Quartz Company for their courtesy 
in supplying not only the silicate used m this research but also information con¬ 
cerning analysis, composition of the silicate, and other valuable data. 
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diluted ammonium hydroxide and the amine solutions were determined by 
titration with standard sulfuric acid, using methyl orange as an indicator. 
The aniline and pyridine were freshly redistilled and made up accurately 
by weight. 


TABLE 1 

The effect of weak bases on the time of set and the pH of mixtures of sodium silicate and 

acetic acid at 25°C. 


Concentrations constant throughout are as follows: NaOH, 0 395; Si0 2 , 0 664; 
CH.COOH, 0.454 


f ONf ENTRATION 

TIME. OE BET 

pH 

( ON< KNIKA1ION 

TIME OE SET 

pH 

or BASE 



OF B\«JL 



Effect of ammonium hydroxide, NH«OH 

Effect of methylaminc, CH 3 NH 2 HOH 

gram mold* ptr 

minutes 


gram-moles per 

minutes 


litir 



liter 



0 

22 60 

5 52 

0 

22 75 

5 52 

0 00422 

20 50 


0 00422 

20 25 


0 0105 

18 00 


0 0105 

17.75 


0 0169 

15 75 


0 0169 

15 00 


0 0211 

14 00 

5 63 

0 0211 

13 50 

5 67 

0 0316 

10 25 


0 0316 

9 75 


0 0422 

7 25 

5 97 

0 0422 

6 50 

5 97 

Effect of dimethylamine, 

Effect 

of trimethylamine, 

(CIIOiNH’HOH I 

I (CH 3 ) 3 N HOH 

0 

22 50 

5 52 

0 

22 75 

5 52 

0 00422 

19 80 


0 00422 

19 30 


0 0105 

17 00 


0 0105 1 

16 00 


0 0169 

14 50 


0 0170 

12 75 


0 0211 

12 50 

5 67 

0 0211 

11 00 

5 67 

0 0316 

9 00 

i 

0 0316 

7 50 


0 0422 

5 60 

6 00 

0 0422 

4 50 

5 99 

Effect of pyridine, C 6 H 6 N 

Effect of aniline, CeH 6 NH 2 

0 

22 75 

5 52 

0 

23 00 


0 00422 

20 75 


0 00422 

22 75 


0 0105 

18 75 


0 0105 

22 50 


0 0170 

16 75 


0 0170 

22 00 


0 0211 

15 75 

5 63 

0 0211 

21 50 


0 0316 

12 50 


0 0316 

21 00 


0 0422 

j 10 50 

5 87 

0 0422 

20 50 



The results obtained on the time of set of the mixtures of sodium silicate 
and acetic acid with varying amounts of ammonium hydroxide or the 
various amines are given in table 1. The values for the pH of the mixtures 
as determined by the quinhydrone method are also tabulated. 
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The results shown in table 1 are plotted in figure 1. The effect of the 
six weak bases is shown graphically, the decrease in the time of set being 
greatest for trimethylamine and least for aniline. From the four curves 
for the trimethylamine, dimethylamine, methylamine, and ammonia, 
together with the pH data, there is a small, though easily evident, specific 
effect here. The effect of the trimethylamine is evidently the greatest. 

We have not found aqueous solutions of pyridine to show an effect as 
noticeable as that reported by Prasad and Hattiangadi. . We were unable 



Fig. 1. Effect of Various Weak Bases upon the Time of Set 

to make pH determinations by means of the quinhydrone electrode in the 
case of the addition of aniline, because the aniline and the quinhydrone 
apparently react chemically. 

We have also attempted to analyze the effect of a typical ester, ethyl 
acetate, which was found to retard the setting of a silicic acid gel. Four 
series of determinations of the time of set were made, all at 22°C., and all 
Hiring the same amounts of sodium silicate and acetic acid. The first series, 
table 2 (1), contained increasing amounts of ethyl acetate; the second con¬ 
tained extra amounts of acetic acid equivalent in concentration to the 
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ethyl acetate of table 2 (1); the third series contained amounts of alcohol 
equivalent to the ethyl acetate of table 2 (1); and the fourth contained 
amounts of alcohol and extra acetic acid each equivalent to the ethyl 
acetate of table 2 (1), in other words, the products of the complete hydrol- 
si8 of the ethyl acetate of table 2 (1). 

The results in table 2 show the effect of the addition of ethyl acetate and 
the products of its hydrolysis separately and together. The effect of the 
ethyl alcohol is obviously practically negligible at these concentrations. 

TABLE 2 

The effect of ethyl acetate and the products of the hydrolysis of ethyl acetate at 8£°C. 

Concentrations constant throughout are as follows NaOH, 0 395; SiO*, 0 664; 
CHsCOOH, 0 454 


t ON( ENTRATION OP 

TIME OF HFT 

CONCENTRATION OF 

TIME OF SET 

ADDED SUBSTANCE 


ADDED SUBSTANCE 


(1) Effect of ethyl acetate 

(2) Effect of extra acetic acid 

gram-moleH per liter 

minute* 

gram-mole* per liter 

minutea 

0 

28 50 

0 

29 50 

0 0166 

30 00 

0 0166 

38 00 

0 0416 

36 50 

0 0416 

51 00 

0 0830 

44 00 

0 0830 

69 00 

0 125 

52 25 

0 125 

89 00 

0 166 

60 00 

0 168 

110 00 

(3) Effect of ethyl alcohol 

(4) Effect of the products of hydrolysis 



of ethyl acetate 

0 

30 50 

0* 

29 50 

0 0166 

30 50 

0 0166 

37 50 

0 0416 

31 50 

0 0416 

51 75 

0 0830 

31 00 

0 0830 

69 00 

0 1250 

31 00 

0 1250 

89 00 

0 1665 

31 00 

0 1665 

109 00 


* Both ethyl alcohol and extra acetic acid are added and the concentration of each 
is as given in this column. 


The extra acetic acid has the effect of greatly increasing the time whether 
alone or in the presence of its equivalent of alcohol. The ethyl acetate, 
therefore, apparently supplies extra acid, being hydrolyzed in the acid 
environment, the extra acid increasing the time of set. 

We have an example here, therefore, of a type of compound which 
causes a change in the time of set because it supplies more acid to the gel 
mixture. Whether the ethyl acetate as such gives a specific effect is 
impossible to say. 

In the next portion of the work, a study was made of the effect of a 
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series of typical organic compounds upon the time of set. An aliphatic 
alcohol, an aldehyde, a ketone, a hydrocarbon, a sugar, and glycerine were 
investigated. These substances were added to the acetic acid before 
mixing with the sodium silicate. Table 3 shows the effects of these sub¬ 
stances. It will be noted that the hydrocarbon, benzene, is present in 
very small amount, because of its slight solubility in water. It will also 

TABLE 3 

Effect of various organic compounds on the time of set and on the pH at 25°C. 

Concentrations constant throughout are as follows: NaOH. 0 395; SiO*, 0.664; 
CH g COOH, 0.454. 


CONCENTRATION 



(ONCENTRA- 



OP ADDED 

TIME OF SET 

I)H 

TION OF ADDED 

1IME Ol BBT 

pH 

SUBSTANCE 



SUBSTANCE 



Effect of ethyl alcohol 

Effect of acetaldehyde 

gram-molts per 

ininuti s 


gram-molts per 

mi nut s 


liter 



liter 



0 

20 50 

5 52 

0 

20 5 

5 55 

0 1910 

21 25 


1 02 

24 0 


0 955 

25 00 


2 04 

28 5 

5 55 

1 910 

28 75 

5 52 

3 06 

32 0 


2 865 

* 33 25 


4 08 

36 0 

5 55 

3 810 

37 00 

5 52 

i 



Effect of acetone 

Effect of benzene 

0 

21 25 

5 52 

0 

22 00 


0 1515 

24 25 


0 00001 

22 25 


0 7575 

27 75 


0 00005 

22 00 


1 515 

31 50 

5 52 

0 00010 

22 00 


2 278 

36 50 


0 00015 

22 25 


3 030 

42 50 

5 52 

0 00020 

22 00 


Effect of cane sugar 

| Effect of glycerine 

0 

21 00 

5 55 

0 

21 00 

5 55 

0 065 

21 25 


0 152 

21 25 


0 130 

21 25 

5 55 

0 760 

21 75 


0 195 

21 50 


1 520 

22 00 

5 55 

0 260 

21 25 

5 55 

2 280 

22 25 





3 040 

22 50 

5 55 


be noted that the alcohol concentrations here are much higher than those 
involved in the study of the effect of ethyl acetate. 

The results of these six sets of data in table 3 are shown graphically in 
figure 2. 

An analysis of the effects of ethyl alcohol, acetaldehyde, acetone, ben¬ 
zene, cane sugar, and glycerine may be attempted as follows. The ben- 



328 


CHARLES B. HURD AND DANIEL H. CARVER 


zenc may only be added in such minute quantities that it is not surprising 
that we have found no apparent effect. It may be concluded, however, 
that benzene, if it possesses any specific effect on the time of set, does not 
possess a large one. The cane sugar shows an effect which is practically 
negligible. Glycerine shows a slight effect. It should be noted that the 
maximum concentration of cane sugar obtained was 0.26 molar, while the 
glycerine reached 3.04 molar. The effect on the pH by these compounds 
was also shown to be very slight. The effects of ethyl alcohol, acetaldehyde, 



CONCENTRE! ON Or w OLUJL 

Fig. 2. Effect of Solutes upon the Time of Set 

and acetone upon the pH of these sodium silicate-acetic acid mixtures when 
added up to concentrations of 3 to 4 molar are seen to be negligible when 
measured by the quinhydrone method. The effects on the time of set, 
however, are perfectly evident. Each one lengthens the time of set, and 
the effect of the acetone is greater than the effects of the other two. The 
effects of these compounds are apparently specific, since no change of pH 
could be detected. 

It will perhaps be possible in the future to correlate these results with 
the results of other investigators on other properties of these gel mixtures. 
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SUMMARY 

The effects of added solutes on the time of set of gel mixtures produced by 
mixing solutions of acetic acid and sodium silicate have been studied. 
An attempt has been made to separate the specific effects of the compounds 
themselves from the effects which they produce by changing the pH of the 
mixtures. 

Ammonium hydroxide, methyl-, dimethyl-, and trimethyl-amines, pyri¬ 
dine, and aniline up to 0.04 M decrease the time of set mainly by increasing 
the pH of the mixture. There is, however, a specific effect apparent, great¬ 
est in the case of trimethylamine. 

A typical ester, ethyl acetate, apparently increases the time of set chiefly 
because of acetic acid set free during acid hydrolysis of the ester. 

Cane sugar and glycerine have little effect either on the time of set or on 
the pH. Benzene shows no effect, although its very low solubility prac¬ 
tically precludes any save a very unusual effect. 

Ethyl alcohol, acetaldehyde, and acetone show practically no effect upon 
the pH, but show considerable specific effects in increasing the time of set. 
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INTRODUCTION 

In earlier papers on the subject of the solubility of gases in metals, one 
of us (F. M. G. J.) (1), in collaboration with E. W. R. Steacio, has discussed 
the solubility of oxygen and of hydrogen in silver. The present paper is 
concerned with the solubility of oxygen in gold and in certain gold-silver 
alloys. 

Little is known of the solubility of oxygen in gold. The early work of 
Graham (2) indicated an absorption of 0.006 volume of oxygen per volume 
of metal. Later workers (3) obtained contradictory results, which may be 
partly explainable by surface effects. Bone and his coworkers (4) obtained 
some evidence of the occlusion of oxygen by gold wire, but the experimental 
conditions were such that the conclusion that appreciable amounts of oxygen 
are absorbed appears somewhat doubtful. 

The solubility of oxygen in alloys of the noble metals has received 
small attention. Some observations of a qualitative nature are to be found 
in the early literature. Sieverts and Krumbhaar (3) studied quantitatively 
the solubility of oxygen in alloys of gold and silver, in the molten state, 
at 1123°C. So far as is known to us, no quantitative work on the solu¬ 
bility of this gas in solid silver -gold alloys has been published. 

APPARATUS 

The experimental method was the same in principle as that described in 
detail in previous communications. A known volume of gas is introduced 
into a calibrated silica bulb of about 10 cc. capacity, which contains the 
metal foil under investigation and which is connected to a mercury manom¬ 
eter. At any temperature the pressure of the gas in the bulb can be cal¬ 
culated by the gas laws. If any absorption takes place, the observed pres¬ 
sure will be less than the calculated value and the difference between the 
two pressures will be a measure of the amount of gas which has been dis¬ 
solved by the metal. 

At the conclusion of an experimental run, the gas is pumped out of the 
bulb and measured. This procedure affords a check on the apparatus and 
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eliminates errors due to incomplete evacuation of the metal. All experi¬ 
ments in which the volume of recovered gas differed from that originally 
admitted to the bulb were discarded. 

Temperatures were measured by a constant-volume nitrogen thermom¬ 
eter consisting of a silica bulb of approximately the same size as that 
containing the metal under observation. The two bulbs were placed side 
by side in the furnace, any temperature variations in different regions 
being thus automatically compensated. 

When a fresh sample of metal was placed in the bulb the temperature 
was raised to 850~900°C. and kept there for six hours while the bulb was 
evacuated by means of a condensation pump backed by a Toepler pump. 
Thereafter during the succeeding experiments, extending in most cases 
over months, the temperature varied between that of the room and 850- 
900°C. Any crystal strain caused by the cold-rolling of the metal into foil 
must have been destroyed by this treatment. 

With the exception of some minor changes the apparatus was identical 
with that already described (la). 

MATERIALS 

Commercially pure gold was further purified by the*method of Kriiss 
(5). The metal was then fused under borax in a silica tube, cleaned by 
scrubbing with sand, anH rolled into sheets about 0.15 mm. thick. Two 
samples of gold were employed, having volumes of 1.32 and 2.89 cm. 3 
respectively. 

The silver used for the preparation of the alloys was purified by a method 
due to Stas (6) and prepared in the same form as the gold. 

The alloys were prepared by weighing out the calculated quantities of 
purified gold and silver and fusing the mixture in a silica tube. When 
fused, the metal was thoroughly stirred with a silica rod, allowed to solidify, 
cooled, cleaned with sand, and rolled into sheets. Alloys of 5, 10 and 20 
per cent of gold were employed, the volume of metal being 2.65, 2.76, and 
3.60 cm. 3 respectively. One sample of each alloy was investigated. 

Nitrogen and oxygen, obtained from cylinders of the compressed gas, 
were purified by the usual methods and stored over phosphorus pentoxide. 

EXPERIMENTAL RESULTS 

At the conclusion of the experiments the various metals showed, on ex¬ 
amination, little evidence of change. No surface changes could be ob¬ 
served in the gold (second sample), although it had lost 0.03 gram in 
weight. The edges of the foil had sintered together and the probability 
is that the small loss in weight is due to evaporation. The silver-gold 
alloys had developed a crystalline surface and the evaporated silver from 
the alloy containing 5 per cent of gold had imparted a slight brownish tinge 
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to the silica. A small loss in weight occurred, with partial sintering of the 
edges of the foil. 

Solubility of nitrogen 

No measurable absorption of nitrogen either by gold or by the three 
alloys of gold and silver, over the temperature range 200-900°C., was 
found. 


Solubility of oxygen 

A. In gold. Preliminary experiments using a Pyrex bulb indicated a 
small solubility, of the order of 0.01 volume at 500°C and under a pressure 

• TABLE 1 

Solubility of oxygen in gold (sample 8) in a \ilmt nppivatui. 


TbMPERATLKE 

PRESSURE 

ABSORPTION 

TEMPERATURE 

1 IH-HSt HI- 

ABHOR! 1 1ON 

degree C 

cm Hg 

tolutne * ptr 

| degrees ( 

1 

cm Hg 

i id unit* j>cr 


lolumt 


tolutm 

900 

14 0 

0 002 

1 750 

63 9 

0 007 


19 4 

0 000 


68 4 

0 005 


30 7 

0 005 

700 

28 1 

0 006 

850 

13 9 

0 002 


33 3 

0 010 


* 30 1 

0 005 

1 

58 5 

0 003 


66 7 

0 010 

1 

61 2 

0 007 

800 

29 5 

0 005 

600 

55 3 

0 002 


35 1 

0 010 

1 

57 9 

0 006 


61 0 

0 005 


63 2 

0 007 


64 5 

0 004 

1 550 

11 9 

0 009 


65 3 

0 008 

1 

25 9 

0 014 


70 0 

0 003 

I 500 

51 0 

0 003 

750 

18 2 

0 002 

1 

55 4 

0 007 


28 8 

0 005 

400 

27 7 

0 011 


34 2 

0 002 


50 5 

0 002 


59 5 

0 005 

320 

45 2 

0 001 


of 60 cm. of mercury. The solubility decreased with decreasing temperature 
and pressure, but the magnitude of the absorption was too close to the 
experimental error of the apparatus to allow of satisfactory measurement. 
It appeared possible that at higher temperatures and pressures the effect 
might become measurable, and accordingly further experiments were car¬ 
ried out, using a silica bulb. In this second series of twelve experiments, 
the pressure varied from 10 to 70 cm. of mercury and the temperature from 
300°C. to 900°C. The solubility as measured by these experiments was 
small, in no case exceeding 0.014 volume, but varied irregularly with tem¬ 
perature and pressure, owing, in part, to the high percentage error of the 
apparatus. The results are given in table 1. 

These figures indicate that oxygen is absorbed by gold to a small extent, 
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TABLE 2 

Values of k at different values of P and Q 


Alloy No. 3: 20 per cent gold, 80 per cent silver 
Temperature 900°C log a = 1.135 


p 

<> 

k 



(calculated) 

10 7 

0 043 

0 486 

14 9 

0 050 

0 486 

24 9 

0 063 

0 478 

54 3 

0 090 

0 473 

63 2 

0 099 

0 478 

93 6 

0 117 

0 474 


TABLE 3 

Solubility (volumes per volume of metal) of oxygen in silver-gold alloys 


Alloy No. 1: 5 per cent gold, 95 per cent silver 


FRED* 

8 Li ItE 

T - 

- 200 

300 

400 

500 

f 

600 

650 

700 

750 

800 

850°C 

k - 

0 328 

0 286 

0 183 

0 309 

0 334 

0 397 

0 548 

0 554 

0 543 

0 533 

cm 

10 

0 

039 

0 040 

0 

043 

0 043 

0 048 

0 

049 

0 043 

0 047 

0 060 

0 

076 

20 

0 

049 

0 049 

0 

049 

0 053 

0 061 

0 

065 

0 062 

0 072 

0 088 

0 

110 

30 

0 

055 

0 055 

0 

053 

0 060 

0 070 

0 

076 

0 078 

0 089 

0 109 

0 

138 

40 

0 

061 

0 060 

0 

056 

0 066 

0 078 

0 

085 

0 090 

0 105 

0 127 

0 

160 

50 

0 

065 

0 064 

0 

059 

0 071 

0 083 

0 

093 

0 102 

0 119 

0 144 

0 

180 

60 

0 

069 

0 067 

0 

061 

0 074 

0 088 

0 

100 

0 113 

0 132 

0 150 

0 

198 

70 

0 

073 

0 070 

0 

063 

0 078 

0 092 

0 

107 

0 123 

0 144 

0 172 

0 

215 

80 

0 

076 

0 073 

0 

065 

0 081 

0 096 

0 

112 

0 132 

0 154 

0 185 

0 

236 


TABLE 4 

Solubility (valium pir tolumi of nutal) of oxygen in silvu-gold alloys 


Alloy No 2 10 per cent gold, 90 per cent silver 


PRES¬ 

SURE 

T - 200 

300 

400 

500 

b00 

650 

700 

750 

800 

860 C C 

A. - 0 045 

0 037 

0 042 

0 178 

0 280 

0 462 

0 583 

0 573 

0 536 

0 545 


cm 

5 

0 044 

0 043 

0 039 

0 033 

0 029 

0 022 

0 018 

0 022 

0 029 

0 039 

10 

0 045 

0 043 

0 040 

0 037 

0 036 

0 031 

0 027 

0 033 

0 042 

0 056 

20 

0 046 

0 044 

0 042 

0 042 

0 043 

0 043 

0 040 

0 049 

0 061 

0 083 

30 

0 046 

0 044 

0 042 

0 045 

0 048 

0 052 

0 050 

0 062 

0 076 

0 103 

40 

0 047 

0 045 

0 044 

0 047 

0 052 

0 059 

0 059 

0 072 

0 088 

0 120 

50 

0 048 

0 045 

0 045 

0 049 

0 055 

0 065 

0 068 

0 082 

0 100 

0 136 

60 

0 049 

0 046 

0 046 

0 050 

0 058 

0 071 

0 075 

0 091 

0 110 

0 150 

70 

0 049 

0 046 

, 0 047 

0 052 

0 061 

0 077 

0 082 

0 100 

0 119 

0 164 

80 

0 049 

0 046 

0 047 

0 053 

0 063 

0 082 

0 089 

0 107 

0 128 

0 176 
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which probably does not exceed one-hundredth of a volume at 900°C. and 
under atmospheric pressure, and is consequently not much larger than the 
experimental error of the method (0.002 volume). The results obtained are 
not wholly consistent with each other, and although many experiments were 
made in an endeavor to obtain greater precision, it was found impossible 
to reproduce results at a given temperature within the known experimental 
error. The difficulty cannot be wholly ascribed to the large percentage 
error of the measurements; there appears to be some other factor entering 
into the solubility relationship. Whether, however, this is a surface phe¬ 
nomenon, or hysteresis due to the thermal history of the metal or to some 
other obscure cause, cannot be elucidated without further investigation. 


TABLE 5 

Solubility (volume per volume of metal) of oxygen in silvir-gold alloys 
Alloy No. 3: 20 per cent Kold, 80 per cent silver 

‘ 850 

0 474 

0 034 
0 0*7 
0 057 
0 065 
0 072 
0 079 
0 085 
0 090 


PRES- 

T * 200 

300 

400 

500 

b00 

<>50 

700 

750 

800 

8UHB 

k - 0 121 

0 124 

0 094 

0 084 

0 155 

0 216 

0 415 

0 395 

0 498 

o s 1 
' 1 

0 053 

0 049 

0 049 

0 050 

0 047 

0 041 

0 028 

0 025 

0 026 

20 

0 058 " 

0 053 

0 052 

0 053 

0 052 

0 047 

0 037 

0 033 

0 037 

30 

0 061 

0 056 

0 055 

0 055 

0 056 

0 053 

0 044 

0 039 

0 045 

40 

0 063 

0 058 

0 056 

0 056 

0 059 

0 057 

0 050 

0 043 

0 051 

50 

0 065 

0 060 

0 057 

0 057 

0 061 

0 060 

0 055 

0 047 

0 057 

60 

0 066 

0 061 

0 058 

0 058 

0 062 

0 063 

0 059 

0 051 

0 062 

70 

0 061 

0 062 

0 059 

0 058 

0 064 

0 065 

0 063 

0 054 

0 067 

80 

0 069 

0 064 

0 060 

0 059 

0 066 

0 067 

0 067 

0 057 

0 071 


900V 
0 480 

0 041 
0 057 
0 070 
0.080 
0 089 
0 097 
0 106 
0 113 


The results show, however, that there is a small absorption of oxygen by 
gold, although nothing can be deduced as to the variation of the solubility 
with temperature and pressure The comparative insolubility of oxygen 
in gold established by these measurements is in agreement with the results 
of Sieverts and Krumbhaar (3). 

B. In silver-gold alloys. The solubility of oxygen in “ilver has been 
shown to be proportional, at any fixed temperature, to the square root of 
the pressure, and this relationship can be represented by the equation 


where Q is the solubility, expressed as volumes of gas per volume of metal, 
P is the pressure, and the coefficient a depends on the temperature. 

The solubility of oxygen in silver-gold alloys has been found to conform 
to this equation only at higher temperatures, but the expression 
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Q - oP* 

adequately expresses the results over the whole temperature range investi¬ 
gated. In this equation, the exponent k is equal to £ at all temperatures 
above a certain “critical” temperature (700-750°C.), which appears to be 
independent of the composition of the alloy. Below this temperature, k 
decreases with decreasing temperature. The experimental results were 
obtained by fixing the temperature at the desired point and measuring the 
solubility under pressures of oxygen varying from 5 to 80 cm. of mercury. 
If the logarithm of the solubility is then plotted against the logarithm of 
the pressure, the slope of the resultant straight line gives the value of k 
for that temperature, while the intercept on the y-axis is a measure of 
log a. By inserting these values in the equation, the solubility at pres¬ 
sures of 5, 10, 20, etc., cm. can be calculated. 

Tables 3, 4, and 5 give the values of the solubility of oxygen in the three 
alloys investigated. To illustrate the constancy of fc, table 2, in which P 
is the actual pressure of the gas and Q the corresponding solubility, is 
inserted. 


DISCUSSION OF RESULTS 

Solubility of oxygen in silver-gold alloys 

The variation of the solubility with the pressure of oxygen is illustrated 
in figures 1 and 2, taken from the results obtained with an alloy containing 
10 per cent of gold. At temperatures above 700°C., the solubility is ap¬ 
proximately proportional to the square root of the pressure (fc = £), 
while below this temperature the exponent k decreases, although the curve 
remains a straight line. This statement applies to all three alloys investi¬ 
gated, with the reservation that in the case of the alloy richest in gold (20 
per cent) the “critical” temperature is higher, viz., at 750°C. 

The variation of solubility with temperature is shown in figures 3, 4, 
and 5. In figure 3 is included, for purposes of comparison, the curve of 
solubility of oxygen in pure silver under a pressure of 80 cm. of mercury. 
It will be seen that the solubility curves of oxygen in this alloy show a 
general resemblance to those of the system oxygen-silver, but only at the 
higher pressures and for temperatures above 400°C. Below this tempera¬ 
ture the solubility does not increase so markedly as in the latter system. 
Inspection of the curves for the pressures 40, 30,20, and 10 cm. reveals the 
gradual appearance of a minimum at 700°C. in the solubility curve, which 
at 40 cm. is a mere inflection in the curve, but at 10 cm. is strongly marked. 
It will also be noticed that the minimum found to exist in the solubility 
of oxygen in silver is'indicated, in the case of this alloy, at the higher 
pressures, but disappears as the pressure of the gas diminishes. 

The curves of solubility versus temperature for the second alloy (90 
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Fig. 1. Variation of Solubility with Pressure ai Temperatures abo\k700°C. 
Silver 90 per cent; gold 10 per rent 



Fig. 2. Variation of Solubility with Pressure at Temperatures below 700°C. 
Silver 90 per rent; gold 10 per cent 
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per cent Ag, 10 per cent Au; figure 4) exhibit a minimum at 700°C. in a 
more strongly marked form, and here it does not disappear at the higher 



Fig. 3. Variation of Solubility with Temperature 
Silver 95 per cent; gold 5 per cent 


TABLE 6 


ALLOY NUMBER 

COMPOSITION 

.1 

MELTING POINT 

1 

95 per cent silver: 5 per cent gold 

degrees C 

1040 

degree* C. 

970 

2 

90 per cent silver: 10 per cent gold 

980 

980 

3 

80 per cent silver: 20 per cent gold 

1025 

1010 


pressures. The drawing-together of the curves at low temperatures is 
also more pronounced than in the alloy richer in silver, and there is no indi¬ 
cation of the minimum at 400°C., even at a pressure of 80 cm. With the 
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third alloy (80 per cent Ag, 20 per cent Au; figure 5), the 400°C. minimum 
is also completely absent. The inflection in the curves at the higher tem¬ 
perature, however, has developed still more strongly. The curves below 
500°C. arc here represented as parallel to the temperature axis, which means 
that for the temperatures 500-200°C. the solubility results for each pres¬ 
sure are the same for all these temperatures within the experimental error. 

As mentioned before, the difficulties of establishing the log absorption 
versus log pressure curve for temperatures below 400°C. have made these 
results less reliable than those at higher temperatures; for this reason only 
the extreme pressure values are drawn in the curves representing the varia¬ 
tion of solubility with temperature, the other values lying within these 
limits. At these temperatures, the most that can be said is that with the 
two alloys richer in gold (alloy No. 2, alloy No. 3), the solubility appears 
to approach a value of about 0.05 volume, which is the same for both 
alloys. With the alloy richest in silver there is some indication that for 
higher pressures of oxygen an increase in the solubility value takes place 
from 400°C. to 200°C., a behavior which is similar to that of pure silver 
(figure 3). The effect, however, is very much less, even m this case, than 
was found with silver. 

The relationship between solubility and temperature for the three alloys 
of silver and gold examined is thus a complicated one. Above the tempera¬ 
ture at which the minimum occurs, the curves for all pressures, in the range 
investigated, are parallel for each alloy. Below this temperature compli¬ 
cations are added, and it is hence not possible to express the results for all 
temperatures by a concise equation. For temperatures above the “critical” 
temperature, the equation 


y = A'. (A - t) 

has been found to hold. Here, Q is the solubility, t the temperature in 
degrees Centigrade, K\ a coefficient specific for each pressure and each 
alloy, and A varies between 980°C. and 104()°C. as shown in table 6. 
The value of A thus approximates to the melting point of the alloy. This 
is in agreement with results for the system oxygen-silver (1). 

The variation of solubility with concentration of gold in the alloy is shown 
for the temperature 800°C. in figure 6, in which the values for the solu¬ 
bility of oxygen in pure silver are taken from Steacie and Johnson’s results. 
The change of solubility with concentration for the eight pressures 10 
to 80 cm. forms a family of smooth curves which, for this temperature, 
can be expressed by the equation 


X q ~KAC 4-5 7 ) 



Fig. 7. Variation of Solubility with Concentration at Various Tempera 

TUBES AND PRESSURES 
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where C is the concentration (per cent) of gold, and the coefficient K% 
varies with the pressure. 

Similar curves for other temperatures and pressures are given in figure 7. 

GENERAL DISCUSSION 

Solubility of oxygen in silver-gold alloys 

The experimental results have been summarized in the foregoing section, 
and the effect of various factors on the solubility has been discussed. 
Above a certain “critical” temperature, which apparently varies with 
the concentration of gold, the factors affecting the solubility of oxygen 
in the three alloys examined appear to be the same as those previously 
found to condition the solubility of the gas in pure silver, i.e., the solu¬ 
bility is proportional to the square root of the pressure. As the tempera¬ 
ture is reduced below the critical temperature, however, this relationship 
no longer holds; the exponent k in the equation 

Q = aP* 

becomes less than \ and decreases with decreasing temperature to an ex¬ 
tent varying with the composition of the alloy. 

The behavior of the solubility-pressure relationship is reflected in the 
solubility-temperature curves, and is partly responsible for the inflection 
in the curves at the so-called critical temperature. This dip is most marked 
at low pressures and becomes more strongly defined with increasing con¬ 
centration of gold. The curves representing the solubility-temperature 
relationship for the solubility of oxygen in silver exhibit a minimum at 
400°C.; below this temperature and above it, the solubility increases, but 
remains for all temperatures related to the pressure by the expression Q 
= aP*; no trace of any variation in the exponent of P with temperature 
was found. It appears to be established, therefore, that the form of the 
curves connecting solubility and temperature for these three alloys is due 
to the presence of gold. 

The measurements of the solubility of oxygen in pure gold show that a 
small absorption of the gas occurs, which appears to decrease with decreas¬ 
ing temperature and pressure. Any admixture of this practically inert 
metal with silver would therefore be expected to diminish the solubility of 
oxygen according to some simple function of the concentration of gold. 
That it actually does so at high temperatures is shown by the equation 

J - A', (C + 5.7) 

which applies only at temperatures above those at which irregularity 
appears in the solubility-temperature curves for the different alloys. 
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It has been suggested that the minimum in the solubility-temperature 
curves for oxygen and silver might perhaps be due to the change from one 
alio tropic form of silver to another, or to a change in the manner of com¬ 
bination with oxygen. In a similar way, it could be argued that the form 
of the solubility-temperature curves for oxygen in these alloys is caused by 
the formation of some compound of gold and silver which is stable only at 
temperatures below 750°C. To this suggestion, however, there is the ob¬ 
jection that all the measured properties of gold silver alloys show a gradual 
change as the concentration changes, and give no indication of any in¬ 
terruption in the curve, such as would be caused by the existence of a 
compound. Thus Holgersson (7) in an x-ray study of gold-silver alloys 
by the Debye-Scherrer method, found that the length of side of the unit 
cube is very nearly a linear function of the atomic composition. Measure¬ 
ments of the physical properties of the alloys, such as specific heat, elec¬ 
trical conductivity, etc., all support the conclusion from freezing point 
data that these two metals form no compound. 

The view that the existence of this “critical” temperature is due to change 
in the crystal state of the metal is not accepted. Any strains in the crystal 
lattice caused by cold-working of the metal would be eliminated by the 
heat treatment incidental to the experiments; and the completely repro¬ 
ducible results below this critical temperature show that gradual recrystalli¬ 
zation can have little effect on the solubility of oxygen in these alloys. 

The effect of surface 

It is possible that the irregularities in the solubility-temperature curves 
are due to surface effects. 

If it be assumed that the true solubility falls off uniformly with the tem¬ 
perature, in the manner indicated by the solubility of oxygen in silver, that 
is, with a minimum at 400°(\, below which the solubility increases, and 
if it be further assumed that, as the temperature is decreased below 750- 
700°C., surface effects begin to appear, rapidly increasing below 700°C. 
until 500°C. or so is reached, then an apparent solubility curve of the form 
actually obtained would result. This is shown diagrammatically in 
figure 8. 

Lack of time has prevented the investigation of more than one sample of 
each alloy. Certain deductions can, however, be made from the results 
obtained. The metal was used in the form of foil, rolled to a thickness of 
0.1 mm. The surface can therefore be calculated from the mass of metal, 
its density, and the thickness of the foil, but many factors affect the cal¬ 
culation. (1) The thickness of the foil varies in different places. (2) 
The foil, after being used for a time, develops a crystalline appearance, 
which indicates a largely increased surface. (3) Distillation of the metal 
takes place to some extent to the walls of the silica bulb. 
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The surface of the metal as calculated from the volume and the thick¬ 
ness is affected by these uncertainties to an extent which is quite unknown, 
and which might easily vitiate any attempted control of the surface area. 
If, however, these uncertain factors are neglected, a numerical calculation 
will show that the surface of the metal may account for a considerable ap¬ 
parent solubility of oxygen in the alloy. In the experiments on alloy No. 
3, the volume of metal was 3.60 cm. 3 , its thickness 0.01 cm.; hence its cal¬ 
culated surface was 720 cm. 2 The volume of the bulb and dead space 
was approximately 10 cm. 3 If we adopt Langmuirs theory of a uni- 



7esrz/tefCi£us& 
Fig, 8 


molecular layer as the maximum amount of gas which the metal can adsorb 
on its surface and assume that at the lower temperatures the surface is 
saturated, then the number of molecules adsorbed on the surface can be 
calculated. 

The radius of the oxygen molecule is 1.5 X 10~ 8 cm.; hence its (pro¬ 
jected) area is 7 X 10 -18 cm. 3 The number of oxygen molecules adsorbed 
on a surface of 720 cm. 2 in a unimolecular layer is, therefore, 10 18 . By the 
gas laws, this number of molecules, in a space of 10 cm. 3 in volume, would 
exert, at 0°C. a pressure of 0.28 cm. At higher temperatures the pressure 
would vary according to the law of Charles, and at 200°C. would be approxi¬ 
mately 0.5 cm. Hence, at 200°C. the gas molecules adsorbed in a com- 
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plete unimolecular layer on the surface of the metal would cause a pressure 
drop of 0.5 cm. This corresponds, using the constants of the apparatus 
in the case of this particular alloy, to an apparent solubility of 0.01 volume 
of gas per volume of metal. The apparent solubility as measured is about 
0.05 volume, which, taking into account the very approximate nature of 
the calculated value and the fact that part of this apparent solubility is 
undoubtedly due to true solution, is of the same order of magnitude. 
Furthermore, the crystallization of the metal surface, and the distillation 
of the metal to the walls of the bulb, would have the effect of largely in¬ 
creasing the surface area of the metal, and hence the pressure drop due to 
the adsorbed molecules. 

The form of the true solubility curve below 400V. would affect the ob¬ 
served curve to an increasing extent as the pressure is increased, while the 
effect of adsorption would remain constant for the range of temperature 
where the surface is completely covered with a layer of molecules of oxygen. 
In the most favorable case, the increased solubility due to increasing pres¬ 
sure might eventually, at higher temperatures, mask the surface effect 
altogether. This is apparently so in the case of alloy No. 1, where the 
minimum at 700°C. disappears at higher pressures; while that at 400V., 
on the other fc hand, develops as the pressure is increased. 

It may perhaps be mentioned that the assumption of the persistence of 
surface effects up to the comparatively high temperature of 750V. is not 
without corroboration. Langmuir (8) found that tungsten wire adsorbs 
appreciable amounts of oxygen up to a temperature of 3000°C., while at 
1200V. the surface of the metal is saturated. 

SUMMARY 

The solubility of oxygen in gold has been measured over a wide range 
of temperature at various pressures, and has been found to be of the order 
of 0.010 volume per volume of metal at the highest temperature (900V.) 
and pressure (70 cm. of mercury) employed. 

The solubility of oxygen in three silver-gold alloys containing 5, 10, 
and 20 per cent of gold has been measured at temperatures between 850V. 
and 200°C., and under pressures of from 5 to 80 cm. Above a certain tem¬ 
perature the solubility is proportional to the square root of the pressure and 
is related to the temperature by the equation 1/Q = K X (A - t), where Q 
is the solubility, t the temperature in degrees Centigrade, and A the melting 
point of the alloy; the solubility is a function of the concentration which, 
for each temperature, can be expressed by the equation 1/Q = K 2 (C + 
5.7), where C is the percentage concentration of gold in the alloy. Below 
this “critical” temperature the apparent solubility is related to the pressure 
by the equation Q = aP k , in which k diminishes with decreasing tempera¬ 
ture; the relation between solubility and temperature, and that between 
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solubility and concentration of gold, are complicated by the appearance 
of minima in the curves. 

An explanation of the solubility phenomena at temperatures below the 
so-called “critical” temperature has been advanced which depends on the 
assumption of surface effects. This effect of surface first becomes apparent, 
as the temperature is decreased, at the “critical” temperature. 

Nitrogen is insoluble in gold and in silver-gold alloys of the composition 
investigated. 
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INTRODUCTION 

In an earlier paper (1) evidence has been presented for the existence of 
three solid solvated polyiodides of potassium: KI 3 H 2 0, KI 7 H 2 0, and a 
compound containing benzene. Each of these compounds contains solvent 
molecules which are apparently part of the constitution of these polyiodides, 
for on the removal of combined solvent the polyiodides decompose, e.g., 
the dehydration of the triiodide by P 2 0 5 (2). 

KI s *H a O —-> KI + I* + 11,0 

This, and other experiments, beside indicating that the combined solvent 
is part of the constitution of these polyiodides, show that solid unsolvated 
polyiodides of potassium are unstable, and do not exist at 25°C. and 1 
atmosphere pressure. 

While the earlier paper was in the press, Bancroft, Scherer and Gould 

(3) , from a survey of the literature and additional experiments, concluded 
that potassium polyiodides definitely do not exist at 25°C. They failed, 
however, to consider the possibility of solvation, which is apparently the 
key to the problem, and their results when interpreted in this light are 
actually largely in agreement with the existence of solvated polyiodides and 
in complete agreement with ours as to the non-existence of unsolvated 
polyiodides of potassium. 

Some of their most critical experiments may be reinterpreted. That 

(4) in which potassium triiodide, prepared by Johnson's r ethod, is shown 
to exist in equilibrium with an aqueous solution of potassium iodide 
containing 65.19 per cent iodine, is in excellent agreement with our results 

(5) , which show KI 3 H 2 0 to exist in equilibrium with aqueous potassium 
iodide solutions whose iodine content may be varied between 62 and 66 per 
cent. This experiment indicates that KI 3 H 2 0 is a stable phase in this 
system under these conditions. 

1 The experimental part of this paper was carried out as part of the requirements 
for the degree of Doctor of Philosophy at the Royal College of Science, University of 
London, and completed in July, 1931. 

* Commonwealth Fellow. 
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Bancroft and his associates (6) quote some analyses on three different 
preparations of potassium triiodide, from which mother liquor had been 
removed by drying between filter papers and which gave a potassium iodide 
to polyiodide iodine ratio of 1.002 and totalled (KI + I 2 ) 94.78 per cent 
(which is very close to Kf 3 • H*0). After obtaining these results which indi¬ 
cate KI 3 • HjO, t hey quote two analyses on wet solid which had not been dried 
between filter papers and which gave a different potassium iodide to iodine 
ratio than the above. It is then suggested that drying between filter 
papers is responsible for this difference and that a large error is introduced 
by following such a procedure for the preparation of samples for analysis 
and that this error affects all previous analyses which had indicated the 
existence of solid potassium triiodide. However, their analyses of the 
undried wet solid only total (KI + I s ) 79.3 and 76.2 per cent, or over 20 
per cent of water (by difference). Our results (1) show that KIj-H 2 0 does 
not exist in equilibrium with more than 8 per cent of water at 25°C., so that 
it appears very probable that the above wet solid was only potassium iodide 
wet with solution. This indicates that the difference in potassium iodide 
to iodine ratios, for the dried and undried samples, did not lie in the differ¬ 
ence in treatment, but that in the first case KK-HjO was the solid phase 
while in the other the solid was only potassium iodide, so that Johnson’s 
method of analysis is not discredited. 

The failure of their x-ray measurements (7) to show any lines other than 
those due to potassium iodide is difficult to understand and the experiments 
should be repeated employing analysed samples under very carefully con¬ 
trolled conditions, for, as has been shown earlier, the triiodide decomposes 
at a low temperature, and potassium iodide is the solid decomposition 
product. 


OTHER SOLVATED POLYIODIDES 

Other solid solvated polyiodides of the alkali metals are known: KIBr 2 • 
H 2 0, NaICLr2HjO, LiICU'4H*0, and HICl4-4H 2 0 (a hydrogen poly¬ 
halide) have been reported by Wells and Weeler (8), Cagliotti (9), Cremer 
and Duncan (10), and others. The first two of the above polyhalides have 
been shown to exist in both the hydrated and anhydrous states, while 
the hydrogen compound and the polyiodides of potassium appear to 
exist only in the solvated state (i.e., the combined solvent appears to be 
essential for the existence of these compounds in the solid state). In view 
of these solvated polyhalides it seemed of interest to investigate further 
the alkali polyiodides which have been reported in the literature, paying 
particular attention to the possibility of solvation and the conditions which 
favor the formation of such solvated compounds. 
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THHEE SOLID POLYIODIDES OF CESIUM 

Two solid polyiodides of cesium have been prepared from water solution 
and their composition studied by Wells and his associates (11) and others. 
One compound was definitely shown to be the triiodide, while the other was 
first believed to be a pentaiodide. Briggs, Greenawald, and Leonard (12a), 
and Briggs (12b) from studies of the ternary system iodine-cesium iodide- 
water, and of the binary system iodine-cesium iodide have shown the 
higher polyiodide to be a tetraiodide (Csl 4 ) and not a pentaiodide. 

Rae (13) from a study of the rate of loss of iodine from a fused mixture of 
iodine and cesium iodide, over sodium hydroxide, finds a sharp change in 
the loss curve when the composition of the solid corresponds with Csl 4 . 

Abegg and Hamburger (14) studied the ternary system iodine-cesium 
iodine-benzene at 25°C., employing methods similar to those adopted with 
potassium iodide. Three ternary invariant solutions were found which 
were considered to be in equilibrium with (1) Csl and Csl 3 , (2) Cslj and Csl* 
(or Csl 7 ) (3) CsL (or Csl 7 ) and Csl 9 . These results, while agreeing with 
those of other workers for the triiodide, disagree regarding the composition of 
the polyiodide intermediate in iodine content , and an enneaiodide is reported , 
which has not been found by other investigators. 

The experimental data from which Abegg and Hamburger deduce the 
composition of the intermediate polyiodide are in reality in favor of this 
compound being a tetraiodide rather than a penta-or hepta-iodidc. In 
their table 12 (15) the most concentrated ternary invariant (0.563 N) was 
shown to exist in equilibrium with solids whose composition might be 
varied between Csl 4 8 and Csl 9 . When the solid phase had reached the 
composition of the enneaiodide no further change in its composition was 
noted while the solution was raised to 1.04 N (saturation with respect to 
iodine being 1.09 N). This indicates cesium enneaiodide as the highest 
polyiodide present at the invariant 0.563 A. This invariant was, however, 
obtained when the solid phase had a composition Csl 4 .8, which indicates 
that the intermediate polyiodide contains less iodine than a pentaiodide 
(since no mixture of Csl 9 and Csls could produce a composition of Csl 4 .a). 
Their tables 13 and 14 (reference 14, pages 423 and 424) are similar, and 
show that at the next lower invariant (0.170 N) the two solids present are 
CsL and a compound richer in iodine than the triiodide. These experi¬ 
ments therefore indicate that the intermediate polyiodide contains more 
iodine than a triiodide and less than a pentaiodide i.e , is a tetraiodide , 
which agrees with the conclusions of Briggs and his associates. 

Abegg and Hamburger appear to have been influenced in the interpreta¬ 
tion of their own results regarding the composition of this polyiodide, 
partly by the work of Wells and his coworkers (8), who had reported a 
pentaiodide, and also by the analogy with rubidium and potassium (since 
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they had obtained heptaiodides of these two metals). They therefore 
assumed that the cesium compound must be either a penta- or hepta- 
iodide, without considering the possibility of a tetraiodide. Indeed a 
tetrahalide does not seem probable, for in the analogous compounds the 
total number of halogen atoms is odd—e.g., CsL, CsBr 3 , CsIBr 2 , CsICl 2 , 
CsICl 4 , etc.; this tetraiodide is the first compound which apparently con¬ 
tains an even number. Although Rae (16) has reported evidence indicat¬ 
ing the existence of cesium tetrabromide, Cremer and Duncan (17) in 
experiments similar to those of Rae found no evidence for a polybromide 8 
more complex than CsBr 8 . Considering the apparent uniqueness of the 
tetraiodide it seemed desirable to study it further and in particular to de¬ 
termine whether it contained combined solvent (as this seemed a possible 
explanation of its unusual composition), and at the same time to check the 
tri- and ennea-iodides. 

PREPARATION OF CESIUM IODIDE 

Cesium chloride was prepared from finely ground pollucite, following the 
procedure described by Hamed and Schupp (18). The chloride was con¬ 
verted to the acid sulfate by heating strongly with sulfuric acid in a plati¬ 
num dish. The sulfate was removed by the addition of the calculated 
quantity of freshly recrystallized 2BaI 2 *15H 2 0. Evaporation of the 
filtrate yielded cesium iodide, which was further purified by one recrystalli¬ 
zation from water. This product was dried, at first gently and then at 
200°C., and ground to a powder. Duplicate analyses (as silver iodide) 
gave an iodine content corresponding to 99.81 and 99.87 per cent of that 
of pure cesium iodide. 

CESIUM TRI- AND TETRA-IODIDES 

Samples of cesium tri- and tetra-iodides were prepared from water 
solution by the methods outlined by Briggs, Greenawald, and Leonard 
(12a). Samples of each, plus a minimum quantity of mother liquor, were 
placed in weighing bottles and loss of moisture over phosphoric oxide 
determined. In each case a steady loss (about 0.1 gram per day) was main¬ 
tained as long as mother liquor was present and then the loss dropped 
suddenly to practically nothing (0.0002 gram per day) at which point speci¬ 
mens were analyzed for moisture by the complete method described ear¬ 
lier (1). The results in neither case showed more than 0.10 per cent mois¬ 
ture to be present, which indicates that these two polyiodides exist un¬ 
solvated and that they do not form stable hydrates. The mean of two 
analyses for the higher polyiodide gave Csl, 40.68 per cent, polyiodide I 2 , 

* Since this work was completed Harris (J. Chem. Soc. 1932, 1694) has demon¬ 
strated the existence of the interesting compound 2KBrs*3IIiO, which contains an 
even number of halogen atoms. 
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59.24 per cent (0.08 per cent H 2 0); and a Csl to I* ratio of 1:1.49, which 
is m good agreement with CsM.5 I 2 . 

THE SYSTEM IODINE-CESIUM IODIDE-BENZENE AT 25°C. 

Experiments were carried out in a manner similar to those with potassium 
iodide (reference 1, page 605), with the exception that the containing bottles 
were not rotated, but merely immersed up to the neck in a thermostat; the 
lack of stirring, caused by the absence of rotation, did not appear to 
materially affect the rate of attainment of equilibrium, since rate of reaction 
at the solid liquid interphase seems to be the governing factor in this 
respect. The state of subdivision of the solid phase was found to be the 


TABLE 1 

1 he formation of solid polyiodides of cesium by tin removal of iodine from benzene 

solution 


DAYS 

NOllMAlITY 

1 

DAYS 

NOHMAUTY 

Experiment No 1 
Csl, 3 04 grams 

Benzoin*, 5l) ce 
h, 7 05 grams 

Experiment No 2 

Csl, 2 01 grams 

Benzene, 100 ce 

It, 16 57 grams 

0 2 

0 9.50 

7 

0 936 

11 

0 475 

12 

0 872 

18 

0 435 

19 

0 812 

24 

0 415 

25 

0 782 

36 

0 400 

40 

0 740 

50 

0 399* 

55 

0 710 

— 

— — 

70 

0 705* 

Experiment No 3 
Csl, 2 00 grams 

Benzene, 50 ce 

Is, 12 50 grams 



12 

0 770 



22 

0 747 



33 

0 743* 




* Equilibrium value 


chief factor influencing the rate of reaction. The alkali iodide was there¬ 
fore ground to a very fine powder before the experiments were commenced. 

The invariant solutions in equilibrium with the solid phases (1) Csl, Csl 8 
and (2) Csl 8 , Csli were redetermined and values of 0.00338 N and 0.170 N, 
respectively, obtained at 25°C. These values are almost identical with 
those obtained by Abegg and Hamburger. (N /100 thiosulfate was em¬ 
ployed in determining the lower value). 

Table 1 (see also figure 1) contains the data concerning the preparation of 
the cesium polyiodides. In experiment l when equilibrium was established 
the solid phase had a composition Csl • 1.51 2 (by synthesis), while in experi¬ 
ments 2 and 3 the solid phase present at equilibrium had an iodide to iodine 
ratio very close to 1:4.0. Samples of each of the polyiodides prepared 
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in this manner were placed in isoteniscopes (described earlier) and the 
benzene pressures maintained at 25°C. determined. Neither the tri- nor 
the tetra-iodide maintained a constant benzene pressure, while analyses 
of the samples showed no combined benzene to be present. The tetraiodide 
gave Csl 40.32 per cent and polyiodide iodine 59.52 per cent, or Csl: 1.51 Is, 
which confirms the composition of the unsolvatpd tetraiodide. The 
enneaiodidc, on the other hand, maintained a constant benzene pressure of 
32 mm., showing the presence of combined benzene. This pressure was 
maintained until nearly all the benzene had been removed, for as soon as 
the pressure fell appreciably analysis showed the sample to contain 99.8 
per cent iodine plus iodide. 



To determine the number of molecules of combined benzene, samples 
of the enneaiodide were placed in isoteniscopes and benzene slowly removed 
until the constant pressure of 32 mm. was first reached, and then the iso¬ 
teniscopes were opened and the samples rapidly transferred for analysis. 
Five analyses on the two preparations of the enneaiodide (experiments 2 
and 3, table 1) gave concordant results, indicating this compound to have 
the composition CsIfl.5CeH*, i.e., 2CsI»*3C«H«. Two typical analy¬ 
ses, by the usual method, gave for the per cent of Csl, 18.61 and 18.65, mean 
18.63; polyiodide iodine 73.58 and 73.26, mean 73.42 and (by difference) 
7.95 per cent benzene;'this corresponds with Csl:4.031*: 1,42C«H«. 

These results support the existence of two unsolvated polyiodides of 
cesium, Csl* and Csl<, and the enneaiodide solvated with benzene. The 
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equilibrium conditions at 25°C. of these three compounds in the ternary 
system in which benzene is the solvent are indicated in figure 1. 

SOLID POLYIODIDES OF RUBIDIUM 

Wells and Wheeler (8) prepared rubidium triiodide from aqueous solution, 
while Foote and Chalker (19), from a study of the ternary system iodine- 
rubidium iodide-water at 25°C. found only the triiodide. Abegg and 
Hamburger (14) studied the ternary system iodine-rubidium iodide- 
benzene at 25°C. and found three invariant solutions which they considered 
to be in equilibrium with (1) Rbl and Rbl 3 , (2) Rbl 3 and Rbl 7 , and (3) 
Rbl 7 and Rbl 9 respectively. From analogy with the results obtained with 
cesium and potassium it seemed most probable that the rubidium hepta- 
and ennea-iodides, which had not been reported in the aqueous system, 


TABLE 2 

The preparation of polyiodides of rubidium at S5°C. 


DATS 

NORMALITY 

DATS 

NORMALITY 

Experiment No. 1 
Rbl, 0.80 gram 

Benzene, 50 cc. 

Experiment No 3 

Rbl, 1 30 grams 

Benzene, 50 co. 

Is, 3 50 grams 

Is, 12 54 grams 

10 

0.400 

11 

1 070 

20 

0.400* 

18 

25 

1 050 

1.030 



Experiment No. 2 

Benzene, 50 cc. 

35 

1 025 

Rbl, 1.188 grams 

Is, 9 02 grams 

50 

1 023* 

3 

0.900 



10 

0.804 



17 

0.774 



30 

0.768 



40 

0.767* 




* Equilibrium value. 


would be found to contain combined benzene, and that they owed their 
existence to this fact. 

Rubidium iodide of reagent quality was obtained from Hopkins and 
Williams and an attempt was made to prepare the three polyiodides re¬ 
ported by Abegg and Hamburger, employing a method similar to that used 
in the case of 2 CsI,-3C«H« (details in table 2). In experiment No. 1 at 
equilibrium the solid phase consisted of Rbl and I 2 in the ratio 1:1.00, i.c., 
Rbla. Some of this material in an isoteniscope maintained no constant 
vapor pressure, while analysis showed no combined benzene. 
(By analysis this solid had the composition RbI0.99I 2 .) 

Experiments 2 and 3 (table 2) are in agreement with the results of Abegg 
and Hamburger and indicate rubidium hepta- and ennea-iodides, respec¬ 
tively, as the solid phases present at equilibrium. Measurements at 25°C. 
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showed these two compounds to have very nearly the same benzene dis¬ 
sociation pressures, being 61.5 and 60.0 mm., respectively; however, 
measurements over a temperature range indicated that these two com¬ 
pounds had independent dissociation pressure curves. From the equilib¬ 
rium diagram, figure 2, it is seen that the heptaiodide, on the removal of 
benzene, breaks down into triiodide plus enneaiodide, which accounts for 
the heptaiodide having the higher benzene dissociation pressure at 25°C., 
although at this temperature it has the lower iodine dissociation pressure. 

Combined benzene was determined by difference by the usual method. 
For the heptaiodide were found Rbl, 18.52 and 18.67, mean 18.59; I 2 , 
68.40 and 68.71, mean 68.55; total 87.14; benzene, 12.86 per cent; this 



Rbl Rbl I 

3 2 

Fig. 2 

corresponds with RbI:3.08l2:1.88C 8 Hc, or Rbli^CeHe. The enneaiodide 
gave on analysis Rbl, 15.53 and 15.31, mean 15.42; I 2 , 73.12 and 73.68, 
mean 73.40; benzene, 11.18 per cent; this corresponds with RbI:3.98Ij: 
1.97C 6 H 8 or RbI 9 -2CeH e . 

The invariant solutions when (1) Rbl 3 and RbI 7 *2CeH« and (2) Rblr 
2C«H« and RbI 9 *2C«He were the solid phases, were redetermined and mean 
values of 0.680 and 0.782 respectively obtained, which do not agree too well 
with 0.690 and 0.790 N of Abegg and Hamburger. We may take a mean 
of the two different sets of observations as the best values which would give 
0.685 and 0.786 N. 

These results indicate three solid polyiodides of rubidium, one unsol¬ 
vated, Rbls, and two solvated with benzene, RbI 7 -2C®H« and RbI 9 -2C«H«. 
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The equilibrium conditions of these compounds at 25°C. arc shown in 
figure 2. 

The results obtained indicate the existence of only three unsolvated 
polyiodides of the alkali metals, the triiodides of rubidium and cesium and 
a tetraiodide of the latter. This shows the tetraiodide to be the highest 
unsolvated polyiodide formed by the alkali metals at 25°C. 

POTASSIUM ENNEAIODIDE 

The results obtained with rubidium and cesium confirm Abegg and Ham¬ 
burger that enneaiodides of these two metals exist at 25°C. (both compounds 
containing combined benzene). Abegg and Hamburger consider the 
heptaiodide to be the highest polyiodide of potassium stable at 25°C. and 
indeed give some evidence that an enneaiodide does not exist; however, a 
close examination of their work shows that their experiments were not 
sufficiently critical to justify a definite conclusion on this point. 

The existence of enneaiodides of cesium and rubidium suggested that a 
similar compound of potassium might be formed. In one experiment 
containing 1.66 grams of potassium iodide, 16.16 grams of iodine, and 50 cc. 
of benzene, the normality of the solution (after approaching equilibrium 
for two months) was 1.03, so that the solid present had an iodide to iodine 
ratio of 1 to 3.9, while the same material gave on analysis (mean of three) 
KI, 11.53, I 2 , 72.56, and benzene (by difference) 15.90 per cent, which 
corresponds with KI:4.11I 2 :2.94CaH6 or KlgdJCeHc. This material at 
25°C. had a benzene dissociation pressure of 52 mm. 

The composition of this polyiodidc agrees w'th that obtained by Foote 
and Bradbury (20). Foote and Bradbury found only one solid ternary 
compound KIg-SCfiHe in the system iodine-potassium iodide-benzene at 
25°C. and6°C.; however, the author has obtained some evidence indicating 
two ternary compounds. The strongest evidence in favor of two ternary 
compounds comes from dissociation pressure measurements where two 
different constant benzene pressures were observed on removal of benzene 
(one at 52 mm. and the other at 50 mm. at 25°C.). Further work is neces¬ 
sary on this point. 

It should be mentioned that the experimental method employed by 
Foote and Bradbury, where they used glass beads or porcelain chips which 
in a shaker greatly hastened attainment of equilibrium, is probably superior 
to the method of the author, for thc> found equilibrium attained in three 
days (or less) whereas in the work described here often a matter of a month 
qj» m0 rc was necessary and even then one could not be quite sure that true 
equilibrium was actually reached, the difficulty being greatest in dealing 
with the equilibrium conditions of the most complex polyiodides. 
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POLYIODIDES OF SODIUM AND LITHIUM 

The work of Abegg and Hamburger (14), in which neither solid sodium 
nor lithium iodide remove iodine from a nearly saturated solution of iodine 
in benzene at 25°C., indicates that no solid polyiodides of these two metals, 
either unsolvated or solvated with benzene, exist at this temperature. 
From the general trend of the polyiodides of the metals of higher atomic 
weight it is not surprising to find no unsolvated polyiodides of either sodium 
or lithium (since there appear to be none of potassium, one of rubidium, and 
two of cesium). However, potassium enneaiodide solvated with benzene 
is just a little more stable than that of rubidium, so that it would appear 
significant that this stability is not continued with sodium or lithium. 

In dilute solution the presence of sodium triiodide has been deduced by 
J. S. Carter (21) at 25°C., while in more concentrated solutions higher 
polyiodides are considered also to be present. In our study an aqueous 
solution, saturated with both sodium iodide and iodine at 25°C., was 


TABLE 3 

Analyses of sodium tmodide 


TEMPERATURE OK 
PBBPA RATI ON 

SOLID PLUS ADHERING MOTHER LIQUOR 

MOTHER LIQUOR 

Nal 

U 

H*o 

Nal 

U 

HaO 

degrees C 

10 6 

30 40 

53 80 

15 79 

30.15 

53 45 

16 31 

10 6 

30 32 

53 81 

15 90 

30 10 

53 41 

16 51 

11 6 

31 02 

53 47 

15 63 

30 42 

53 72 

15 89 

11 6 

31 12 

53 40 

15 53 

30 42 

53 72 

15 89 

Theory for 

NaI,-4H a O 

31 51 

53 36 

15 13 





evaporated slowly. Two distinct types of crystal separated; the one less 
dense than the solution was shown to be Nal -2H 2 0, while the other which 
was more dense was iodine alone. Similar results were obtained with 
lithium iodide. These experiments indicate that any polyiodides present 
in solution at 25°C. are not stable in the solid phase. Possibly one might 
express this another way by saying that at 25°C. the stable form of sodium 
and lithium hydrated polyiodides may be not solid but liquid. This view¬ 
point is supported by the fact that KI 3 H 2 0 begins to melt at about 31°C.; 
so that above 31°C. and atmospheric pressure solid potassium triiodide 
would not be found. Consequently, experiments with sodium iodide were 
tried at lower temperatures where it was thought that a hydrated polyio¬ 
dide might be stable in the solid phase. 

An aqueous solution' saturated with both sodium iodide and iodine was 
gradually cooled from room temperature; little change was apparent till a 
temperature of 11.8°C. was reached, when the solution became filled with 
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fine blue-black needles, while the temperature remained nearly constant. 
By first cooling the solution down to 12°C. and removing any iodine or 
sodium iodide which separated, it was found possible to prepare a fairly 
homogeneous sample of the needles. After being freed as much as possible 
from mother liquor (the complete removal of mother liquor being impossi¬ 
ble due to its viscosity and the very fine nature of the crystals) the needles 
melted almost completely at 11.8°C. The analyses (by complete method) 
for some preparations are given in table 3. 

These results show that at 11.6°C. mother liquor and the solid separating 
have very nearly the same composition; however the solid is slightly richer 
in sodium iodide and poorer in water content. The mean composition of 
the solid separating at 11.6°C. corresponded to NaI:1.02I 2 :4.18H*O, 
which is quite close to NaIs*4H 2 0. 

Definite proof of the existence (and composition) of solid hydnited 
sodium polyiodides was sought in a phase rule study at 0°C. This study 
was attempted without using a mechanical shaker because of the difficulties 
involved at that temperature and since the equilibrium solutions were very 
much less concentrated than in the case of potassium polyiodides it was 
hoped that shaking would be unnecessary; however, equilibrium in the 
solutions richest in iodine was approached too slowly to permit an accurate 
study in the time available. The results obtained are therefore not 
quantitative, but in a qualitative manner support the existence of at least 
one solid polyiodide of sodium at 0°C\, the composition of which is possibly 
NaI 3 -4H 2 0. 

Similar even more preliminary experiments with lithium iodide indicated 
the existence of at least one solid hydrated polyiodide of lithium which 
melts about 10°C. The results with sodium and lithium, while not being 
sufficiently definite to stand alone, are of interest since they fit in well with 
the trend shown by the polyiodides of the alkali metals of higher atomic 
weight, for potassium forms low-melting hydrated polyiodides, while 
rubidium and cesium form no such hydrated compounds. In this con¬ 
nection one might be permitted to speculate regarding the existence of 
polyiodides of hydriodic acid. Their existence in solution has been 
demonstrated by many workers. In the solid state, however, none have 
been isolated. Considering the general behavior of the polyiodides of the 
alkali metals one might predict that at a very low temperature solid 
hydrated polyiodides of hydrogen may be isolated. 

ENNEAIODIDES THE HIGHEST POLYIODIDES 

Enneaiodides of potassium, rubidium, and cesium have been kept in 
contact with iodine solutions in benzene which are nearly saturated (1.09 
N) without any indication of a polyiodide higher than an enneaiodide being 
formed. However, in the nearly saturated solutions it would be difficult 
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to detect a slow change. The evidence is therefore not quite conclusive, 
but indicates strongly that the enneaiodides are the most complex solid 
polyiodides of these three metals under the above conditions. 

The work of Stromholm (22), Geuther (23), Chattaway and Hoyle (24), 
and others, seems to show that enneaiodides are the highest solid polyio¬ 
dides of the quaternary ammonium salts such compounds as N(CH 3 ) 4 l 9 , 
N(C 2 H B )(CH 3 ) 3 l 9 and N(C 2 H 5 ) 4 l 7 being reported. These compounds are 
also of interest in that they are apparently unsolvated (although no complete 
analyses are given), while the higher polyiodides of the alkali metals do not 
exist unless they contain combined solvent molecules. This difference 
between polyiodides of the alkali metals and those of the quaternary 
ammonium salts may be explained on the hypothesis of relative ionic size. 
This hypothesis (discussed in detail in a later publication) suggests that in 
ionic crystals (both ions monovalent) one of the factors influencing sta¬ 
bility is relative ionic size—greater stability occurring when anion and 
cation are nearly equal in radius rather than when they are very unequal. 
In the substituted ammonium polyiodides there is a large cation (e.g., 
N(CH 3 ) 4 + ) and also a large anion I 9 ”, whereas in unsolvated polyiodides 
of the alkali metals there would be a very great difference between a small 
metal ion (K+) and the very large I 9 ~ ion. This difference in size might 
be more or less made up by the packing of benzene molecules around the 
cation. This hypothesis is supported by Csl 9 containing one and one-half, 
libl 9 two, and KI 9 three molecules of benzene, so that the smaller the 
cation the greater the number of benzene molecules. However, sodium 
and lithium (which ions usually most readily form solvated compounds) do 
not form stable polyiodides solvated with benzene. This failure of sodium 
and lithium would indicate that the formation of polyiodides solvated with 
benzene by the other alkali metals did not occur through the formation of 
covalent links between alkali ion and benzene molecules, but that the 
benzene molecules are only necessary to fill in the space lattice. Energies 
of formation of these compounds have been measured by dissociation 
pressure methods and found to be very nearly zero, which is further 
evidence that the benzene present is merely filling in the space lattice, i.e., 
that these solid polyiodides (solvated with benzene) are lattice compounds . 

This study shows that potassium (as is usual) occupies a position inter¬ 
mediate between rubidium and cesium on the one hand and sodium and 
lithium on the other. For potassium forms solid poly iodides solvated 
with either water or benzene (none unsolvated), rubidium and cesium form 
polyiodides both unsolvated and solvated with benzene (none with water), 
while sodium and lithium probably form (at temperatures below 12°C.) 
solid polyiodides solvatpd with water (none unsolvated or solvated with 
benzene at 25°C.). In the interpretation of these differences there are 
two distinct factors to be considered: (a) the size or mass of the alkali ion, 
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(b) the nature of the solvent. It is not inconceivable that some such 
method as this may be of use in studying the properties of different 
solvents. An x-ray study of those polyiodides containing benzene would 
be useful and might lead to interesting results. 

SUMMARY 

1 . At 25 C. and 1 atmosphere there are only three true binary polyio¬ 
dides of the alkali metals, RM 3 , Csls, and Csli; the tetraiodide of cesium 
is the most complex binary compound. 

2 . The other solid polyiodides of the alkali metals reported have been 
shown to contain combined solvent and the presence of solvent is essential 
for the existence of these polyiodides in the solid state. 

3. Ternary compounds in the systems iodine-alkali iodide-benzene have 
been shown to be: 2CsI 9 *3C6H 6 , Rblg ^CeHe, RbI 7 * 2 CeH 6 and that of the 
highest polyiodide of potassium KlgSCeHg. The most complex ternary 
compounds appear to be enneaiodides. 

4. Neither sodium nor lithium form solid polyiodides, unsolvated or 
solvated with water or benzene at 25°C\, while evidence is presented that 
at temperatures lower than 25°C. these two metals probably form solid 
polyiodides solvated with water. 

5 . At 25°C. potassium forms solid polyiodides solvated with either water 
or benzene (none unsolvated), rubidium and cesium form polyiodides both 
unsolvated and solvated with benzene (none with water), while sodium and 
lithium probably form solid polyiodides solvated with water (at tempera¬ 
tures below 12°C.) and none unsolvated or solvated with benzene. 

6 . It is suggested that these differences may be correlated with (a) 
relative ionic size and (b) the nature of the solvent (third component). 

The author wishes to express his sincere gratitude to Professor H. B. 
Baker, C.B.E., D.Sc., F.R.S., for his kindly interest during the work and 
to Mr. G. H. Cheeseman, B.Sc., for valuable suggestions. Grateful ac¬ 
knowledgment is made of a Beit Scientific Research Fellowship, during 
the tenure of which the experimental part of this paper was carried out. 
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A technique for obtaining sorption data more simply and rapidly than 
those ordinarily used has been developed for the sorption of vapors by solids. 
It arose by following up an idea suggested by two sentences found in papers 
by Cude and Hulett (1) and by Tryhom and Wyatt (2), respectively. 
Cude and Hulett filled charcoal with water to get the pore space, not the 
sorption. Tryhom and Wyatt noticed that the weight of benzene in 
charcoal when the visible liquid surface had just disappeared by evapora¬ 
tion was the same as that obtained by exposure to fully saturated vapor. 
However, the significance of their results is left uncertain, since in both 
cases capillary liquid might equally well have been present. The only test 
would be to compare the values obtained by wetting and superficial drying 
of so microporous a body as charcoal with values obtained for the sorption 
isotherm for distinctly unsaturated vapor. The same comment applies 
to any powder. 

EXPERIMENTAL METHOD 

The solid was placed in a commercial microfilter tube 1 with a sintered 
glass filter from which the excess liquid could be removed by suction or by 
centrifuging. As the liquid must be introduced on to the evacuated solid, 
the filter, A in figure 1, was placed in a bulb B with a ground glass joint C 
to the stopcock D through which the liquid could be introduced. The 
bulb and tube with stopcock was joined to the vacuum line by a ground 
glass joint E. 

About a gram of the material to be used was placed in the filter and in 
certain cases washed with water, which was removed by suction and 
centrifuging. Weighings were taken of the bulb, tube, and filter separately 
and of the filter and the solid material. The solid was evacuated with 
heating by an electric furnace around the lower part of the bulb. The 
tube and bulb were detached at E and weighed, giving the weight of the 
evacuated solid. The liquid to be introduced was placed in the upper part 

1 Jena Ger&te glass, size 12, porosity 4, 1 centimeter inside diameter, Fish-Schur- 
man Corporation, New York City. 
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of the tube and slowly admitted through the stopcock. In order to prevent 
the liquid from washing any stopcock grease down on to the solid, the lower 
bulb was cooled and the upper tube warmed so that the liquid vaporized 
into the bulb and condensed on the solid in the lower part of the bulb. 
When the solid was covered with liquid, the bulb was opened at C, the filter 
removed, and the excess liquid centrifuged off. In certain cases suction 
was applied for a few seconds to remove liquid from the sintered glass. 
The filter with the solid and the sorbed liquid was weighed in a weighing 
bottle and from these values the amount sorbed at saturation was calcu¬ 
lated. An isotherm was determined by evacuating to a definite pressure 
and reweighing. The solid could be reevacuated and the experiment 
repeated with the same or other liquids. 

TABLE 1 


Maximum amount of various liquids retained at 28°C. by dehydrated chabasite in the 

centrifugal method 


SUBSTANCE 

x/m 

CUBIC CENTI¬ 
METERS PER 
ORAM 

MOLECULAR 

VOLUME 

Water . . 

0 323 

0 324 

18 

Formamide 

0 088* 


33 

Formic acid 

0 473f 

0 386 

37 

Methyl alcohol 

0 2681 

0 339 

40 

Ethylene oxide . 

0 056 


49 

Methyl cyanide. 

0 048 


51 


* Mean of 0.078,0.099, and 0 087. 
t Mean of 0.485 and 0.461. 
t Mean of 0 268,0 272,0 270, and 0.263. 


EXPERIMENTS WITH CHABASITE 2 

It was most interesting to begin with a crystalline solid containing no 
pores in the ordinary sense of the word. The zeolites (3) are hydrated 
calcium aluminum silicates which can give up their water of hydration on 
evacuation or heating without destroying the crystal form of structure. 
The spaces left by the water may be filled indifferently by any molecule 
small enough to enter. They then form, as McBain (4) pointed out and 
as is now generally accepted, almost perfect molecular sieves or semiperme- 
able membranes of great regularity. Evans (5) quotes Taylor (6) to the 
effect that the water molecules in chabasite lie on non-intersecting triagonal 
axes of the cubic space group. No other atoms lie on these axes, so there 
are long channels passing through the structure wide enough to accommo¬ 
date fairly large molecules and empty of everything but water molecules. 

* CaAUSLOireHaO subject to slight variation due to base exchange. Theory 
gives 21 3 per cent of water, but G Friedel (Bull soc frang. mineral. 22, 5 (1889)) 
found 22 28 per cent 
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The chabasite crystals were washed with water before weighing, as in 
the routine described. It was found that evacuation for twenty-four hours 
at 350°C. brought the chabasite to constant weight at 10“® cm. of mercury. 
The average of nine values gave 24.4 per cent of water lost by the chabasite. 
Expressed as ratio of weight of water to weight of dehydrated chabasite, 
xfm = 0.323. The results with liquids are summarized in table 1. 

As is seen from table 1, the two substances with the largest molecular 
volume are taken up only to a small fraction of the extent of water, methyl 
alcohol, and formic acid. The small amount of formamide indicates that 
mere molecular volume is not the sole determining factor. The shape and 
composition of the molecule must also be of importance. 

Formic acid has a small molecular volume, but it also attacks the chaba¬ 
site and a deposit is observed on the filter. A sample of chabasite, used 
first with formic acid, was used again with water, which it took up to the 
extent of 28.5 per cent as compared with the original 24.4 per cent. This 
enlargement of the sorption space is fully adequate to account for the 
higher value of formic acid sorbed. 

The heat of sorption of methyl alcohol by chabasite is considerable, the 
filter and glass bulb being observed to heat up to above 60°C., a much 
greater effect than was observed with charcoal and far too great to be 
explained as heat of compression. 

Rapid sorption of methyl alcohol vapor by chabasite disintegrates the 
crystals to a powder, owing to the sudden unequal heating and expansion. s 
The heat on rapid sorption may decompose the alcohol and change the 
colorless crystals to yellowish-black. It was found impossible to desorb 
all the alcohol, and if the temperature were raised above 4()0°(\ during 
evacuation, the crystals became yellow or black. 

EXPERIMENTS WITH CHARCOAL 

The charcoal was highly active (82 per cent) 4 air and steam activated 
charcoal made from especially pure sugar. It was covered with two thick¬ 
nesses of silver foil pierced with fine holes and was evacuated for several 
days at 500°C. and 10 6 cm. of mercury. The volumes of liquid sorbed 
at 28°C. at saturation pressure or just below were 0.59 cc. of benzene, 0.6 
cc. of water, and 0.61 cc. of acetic acid per gram of charcoal. 

ISOTHERMS 

It is possible to obtain isotherms by this method, especially on desorp¬ 
tion, as a manometer in the vacuum system gives the pressure after partial 

* Compare the observation of M. G. Evans (Proc. Roy. Soc. London A134, 97 
(1931)) on the disintegration by ammonia vapor. 

4 One gram of 200 mesh charcoal sorbs in three minutes from 50 cc. of a 0.2 N 
aqueous solution of iodine in 0.27 N potassium iodide, 82 per cent; method of N. K. 
Chaney, A. B. Ray, and A. St. John (Ind. Eng. Chem. 15, 1244 (1923)). 
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Fig. 2 

ig. 1. The Filter Tube Apparatus for Measuring Sorption 
Fig. 2. Isotherms by the Filter Tube Method 
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evacuation, and at any stage the stopcock in the tube may be closed and 
the bulb, tube, and filter removed and weighed without exposing the solid 
to the atmosphere. 

The results are shown in figure 2. Inspection of the isotherms for methyl 
alcohol and the crystalline chabasite reveals the ideal form of isotherms for 
uniform “surfaces.” 5 It is even more rectangular than those obtained 
with highly evacuated, active charcoal (7). Here, therefore, is most defi¬ 
nite proof of persorption and not condensation of capillary liquid. The 
isotherms for acetic acid and benzene on charcoal likewise show that sorp¬ 
tion is far advanced at infinitesimal pressures. 

The isotherms for the sorption of water by charcoal are of a wholly 
different type, owing to formation of a two-dimensional liquid permeating 
the charcoal, the water molecules being held as much by mutual polariza¬ 
tion as by attachment to the charcoal (8). Comparison of these isotherms 
with those for organic vapors on the same charocal shows them to be due 
to sorption, or rather persorption, in both esses and that the isotherms with 
water cannot be interpreted as measuring the volume and distribution of 
the assumed pores of the charcoal. Inspection of the extreme right hand 
of each diagram in figure 2 shows the small additional amount of liquid 
held by capillary condensation in each case, an amount which is only a 
minute fraction of the total sorption. 

SUMMARY 

A simple method for the rapid and moderately accurate study of sorption 
of liquids and vapors by solids is described. Sorption isotherms obtained 
with a molecular sieve, dehydrated chabasite, are nearly rectangular, even 
more so than those for organic vapors with highly activated charcoal where 
the sorption goes largely to completion at infinitesimal pressures. The 
sorption of water, although of a different type, is likewise interpreted as 
persorption and definitely not as capillary condensation. 

In conclusion my thanks are due to Professor J. W. McBain at whose 
suggestion this work was undertaken. 
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For the enzymotic oxidation of ethyl alcohol, Haber and Willstatter (1) 
postulate the following mechanism: 

/ 

CH 3 CH 2 OII + Enzyme = CII,CH(OH) 4* Monodesoxy-cnzymc II* (a) 

/ 

CHsCH(QH) + CH 3 CH 2 OH + 0 2 - 2CILCHO + OH + H 2 0 (b) 

/ 

OH + CH 3 CH 2 OH - CH 3 CH(OH) + II a O (c) 

Some light may be thrown upon the possibility of such a mechanism by a 
study of the effect of the introduction of OH radicals into an aqueous alco¬ 
hol solution in the presence of oxygen. If the postulated mechanism is 
the correct one, the chain would then be started at step (c) and the reaction 
continue as a chain reaction. Since Haber and Willstatter also give a 
similar mechanism for the oxidation of acetaldehyde in which the OH 
radical is again the active link in the chain, 

/ 

CHjCHO + Enzyme =» CHjCO + Monodesoxy-enzyme + H' (a') 

CHjCO + CHjCHO + HjO + 0 2 = 2 CH 3 COOH + Oil (bO 

/ 

OH + CHjCHO = CH,CO + H,0 (o') 

it is to be expected that the oxidation of the acetaldehyde formed in the 
alcohol oxidation will occur as a secondary process. 

One convenient method for introducing OH radicals is to decompose 
photochemically hydrogen peroxide which has been added to the alcohol 
solution. The question as to whether the first step in the hydrogen 
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peroxide decomposition is the formation of OH or of HO 2 is not pertinent 
in this connection (2). In either case OH is ultimately one of the products 
of the decomposition. If HO 2 is formed in the first step, OH is formed in 
the next step. 

HO* + H*0* = H*0 + OH + O* 

The evidence will tend to favor the mechanism of Haber and Willstatter 
if the oxidation process under these conditions is found to be a chain 
reaction. 

EXPERIMENTAL 

The apparatus used has been described elsewhere (3). It consisted of 
a quartz reaction vessel mounted on a horizontal shaker running at 265 
oscillations per minute, immersed in a water thermostat. With the excep¬ 
tion of those for the determination of the temperature coefficient, all runs 
were made at 25 ± 0.05°C. The reaction vessel was connected by a 
short piece of suction tubing to a Hulett gas burette (4) filled with water. 
The source of illumination was a horizontal, air-cooled, laboratory model, 
Hanovia mercury arc operating at 60 =t 1 volts and 4 ± 0.05 amperes 
mounted outside the thermostat directly in front of a quartz window in the 
side of the thermostat. 

The general procedure was to fill the apparatus with oxygen, add 25 to 
30 cc. of the liquid sample to the shaker, shake a few minutes until tem¬ 
perature equilibrium was attained, and then to start the reaction by 
removing the shutter from in front of the quartz window. Tank oxygen 
was used. The hydrogen peroxide was obtained by diluting “Superoxol” 
with water. Since check runs using 95 per cent alcohol obtained by dilut¬ 
ing absolute ethyl alcohol with water gave the same rates of reaction as 
those made with commercial 95 per cent ethyl alcohol, the commercial 
alcohol was used in the experiments without further purification. Unless 
otherwise specified, all data refer to 95 per cent ethyl alcohol. 

When the reaction products were to be determined, the liquid product 
was removed from the shaker, diluted to 250 cc. with water, and analyses 
made on aliquot portions. The amount of acid was determined by titra¬ 
tion with 0.05 N NaOH, peroxide by titration with 0.1 N thiosulfate of the 
iodine liberated from acid potassium iodide solution, and aldehyde by 
the Ripper method (5) after the solution from the determination of peroxide 
had been made neutral with sodium hydroxide solution. Appropriate 
blank analyses were made in every case. 

RESULTS 

Photochemical oxidation of alcohol 

It was first necessary to determine if alcohol itself was oxidized photo- 
chemically in the presence of oxygen. Reports in the literature by various 
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workers differ on this point. Several workers (6) have found that alcohol 
and oxygen do not react when illuminated, while Dhar and S an yal (7) 
report that a small amount of acetaldehyde was formed when moist alcohol 
and oxygen were exposed to sunlight for an hour. In some preliminary 
experiments made with an aged, water-cooled Kromayer mercury arc, it 
was found that no appreciable amount of oxygen was taken up on illuminat¬ 
ing alcohol with oxygen over a period of ten hours. When the Hanovia 



Fig. 1. Rate of Oxidation of Ethyl Alcohol 

A. 25 <•<•. alcohol. 

B. 25 cc. alcohol and 0.81 millimole hydrogen peroxide. 

C. B - A. 

D. 25 cc. alcohol and 1.98 millimoles acetaldehyde. 

E. 25 cc. alcohol and 0.48 millimole hydrogen peroxide. 

F. 25 cc. alcohol and 4.75 millimoles hydrogen peroxide. 

G. 25 cc. alcohol, 4.75 millimoles hydrogen peroxide, and 0.074 millimole ethyl- 
amine. 

H. 25 cc. alcohol, 4.75 millimoles hydrogen peroxide, and 0.74 millimole ethyl- 
amine. 

J. 25 cc. 50 per cent alcohol and 4.75 millimoles hydrogen peroxide. 

K. 25 cc. alcohol and 0.74 millimole ethylamine. 

lamp was used as a source of illumination, however, the absorption of 
oxygen was marked, as shown by curve A of figure 1. The analysis of the 
product is given in table 1. The product gave a blue color with chromic 
acid and ether. Since Clover and Richmond (8) have shown that neither 
peracetic acid nor organic peroxides give this test, hydrogen peroxide must 
have been formed in the oxidation. All attempts to find peracetic acid 
according to the method of D’Ans and Frey (9) and to that described by 
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Backstrom (10) gave negative results. As may be seen from the rate 
curve, the rate was autocatalytic in nature. To determine if this increas¬ 
ing rate were due either to the accumulation of acetaldehyde or of acetic 
acid, runs were made with alcohol to which had been added acetaldehyde 
and acetic acid separately in quantities comparable to those formed in the 
oxidation with alcohol alone. The rate with added acetic acid was practi¬ 
cally the same as with alcohol alone, while, as may be seen from curve D, 
figure 1, the rate with added acetaldehyde is somewhat faster, but is also 
increasing with time. As before, hydrogen peroxide was identified in the 
product. The autocatalytic rate, therefore, is probably due to the forma¬ 
tion and accumulation of hydrogen peroxide. 

Oxidation of alcohol 'photosensitized by hydrogen peroxide 

In order to be sure that the photochemical oxidation of alcohol with 
added hydrogen peroxide was a true photosensitized process and not one 

TABLE 1 


Analyses of products ( millimoles ) 



A 

25 CC ALCOHOL 

B 

25 CC AI COHOL 
+ 0 81 
MILLIMOLES 
HYDHOQEN 
PEROXIDE 

C 

25 CC ALCOHOL 
+ 198 
MILLIMOLES 
ACBTAI DEHYDK 

Acid.. 

0 39 

2 10 

0 58 

Aldehyde . 

0 60 

2 01 

2 07 

Peroxide 

0 14 

0 50 

0 25 

Oxygen absorbed 

0 70 

2 95 | 

0 92 


of direct oxidation of the alcohol by the peroxide, it was necessary to show 
that hydrogen peroxide, alcohol, and oxygen do not react unless illumi¬ 
nated. Although Renard (11) had shown that such a reaction does not 
occur, the reaction was tried using 0.81 millimole of hydrogen peroxide and 
25 cc. of alcohol without illumination. No appreciable absorption of 
oxygen was noted over a period of eight hours. 

When alcohol-hydrogen peroxide solutions were illuminated, the rate of 
oxygen absorption was rapid (curves B, E, and F of figure 1) and decreased 
with time. As shown in column B of table 1, the amount of peroxide found 
in the product was less than that initially added. 

With 4.75 millimoles of added hydrogen peroxide, the rate of oxygen 
absorption was not so fast with 50 per cent alcohol solution as it was with 
95 per cent alcohol solution (compare curves F and J of figure 1). 

The determination of the rates of reaction with 4.75 millimoles of added 
peroxide at 0°, 25°, and 35°C. gave temperature coefficients for this reac¬ 
tion of 1.06 and 1.13 per 10° rise. 
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Effect of inhibitors on the alcohol oxidation 

Chain reactions are characterized by the marked decrease in rate pro¬ 
duced by the addition of small quantities of inhibitors. For this reason, 
the effect of inhibitors on the reaction was studied. The addition of 0.74 
millimole of ethylamine decreased the rate of the photochemical oxidation 
of alcohol in the absence of peroxide to about one-fourth (curve K, figure 1) 
and 2.2 millimoles of benzene reduced it to about one-half. 



Fig. 2 Rate of Oxidation of Aqueous Acetaldehyde Solutions 

A. 25 cc. 10 per cent acetaldehyde. 

B. 25 cc. 1 per cent acetaldehyde. 

C. 25 cc. 1 per cent acetaldehyde and 0.9 millimole hydrogen peroxide. 

D. 25 cc. 10 per cent acetaldehyde and 1 cc. 95 per cent alcohol 

E. 25 cc. 10 per cent acetaldehyde and 5 cc. 95 per cent alcohol 

F. 25 cc. 10 per cent acetaldehyde and 0.074 millimole ethylamine. 

G. 25 cc. 10 per cent acetaldehyde and 0.74 millimole ethylamine. 

As curves F, G, and H of figure 1 show, the addition of 0.07 millimole of 
ethylamine to 25 cc. of alcohol solution containing 4.75 millimoles of hydro¬ 
gen peroxide reduced the rate to about one-half, while the addition of 0.74 
millimole of ethylamine reduced the rate to about one-fourth of its original 
value. 

Using 0.95 millimole of hydrogen peroxide in 25 cc. of alcohol, the addi¬ 
tion of 0.1 millimole of benzylamine reduced the rate to about one-fifth 
and 0.5 millimole of benzylamine reduced the rate to about one-tenth of 
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its original value. Like quantities of hydroquinone, ethylamine, diphenyl- 
amine, and benzene were found to exhibit similar inhibitory effects. 

When the oxidation with 0.95 millimole of hydrogen peroxide was allowed 
to proceed for about an hour before the inhibitor was added, the rate was 
markedly retarded as before, but in this case the rate slowly increased 
until it had practically reached its original value at the end of another 
hour. 


Oxidation of aqueous acetaldehyde solutions 

The photochemical oxidation of aqueous acetaldehyde solutions was 
studied in order to determine what effect the acetaldehyde formed might 
have on the alcohol oxidation. With 25 cc. of a 10 per cent (by volume) 
solution, the rate of oxidation was very rapid (figure 2). The addition of 
0.9 millimole of hydrogen peroxide did not increase the rate. With a 1 
per cent solution of acetaldehyde, the rate was much slower. In this case 
the addition of 0.9 millimole of hydrogen peroxide did increase the rate. 

Ethylamine and ethyl alcohol inhibited the oxidation, the alcohol being 
much less efficient as an inhibitor than the amine (figure 2). 

DISCUSSION 

Since no photochemical oxidation of alcohol was noted when the Kro- 
mayer lamp was used, but a marked reaction found with the Hanovia 
lamp, the variation in the results reported by different workers on the 
photochemical oxidation of ethyl alcohol may probably be ascribed to 
differences in the intensities of the light sources used. 

Curve C of figure 1 was obtained by subtracting curve A from curve B 
and represents, therefore, the amount of oxygen absorption due to the 
added 0.81 millimole of hydrogen peroxide. This curve may be seen to 
be approaching an asymptotic value of some 40 cc. of oxygen, which is 
equivalent to about 1.8 millimoles. Since the ratio of moles of oxygen 
absorbed to moles of hydrogen peroxide used is greater than two, this result 
indicates a minimum chain length greater than one, assuming that two OH 
radicals are obtained from each hydrogen peroxide molecule decomposed 
and that every OH initiates a chain. These assumptions obviously may 
be incorrect, but such a calculation does give a minimum value for the 
chain length. If the first step in the hydrogen peroxide decomposition is 
HO 2 , the minimum chain length is then increased by a factor of four. At 
the time when the slopes of curves A and B become equal, the concentra¬ 
tion of hydrogen peroxide will have reached a steady state at which its 
rate of formation is equal to its rate of decomposition. 

Since ethylamine absorbs light only very weakly and that in a region 
between 2190 and 2480 A. (12), the possibility that the inhibitory action 
of this substance might be due to a light screening effect is excluded. 



INTERACTION OP ETHYL ALCOHOL AND OXYGEN 


373 


Furthermore, the effect cannot be due to a destruction of the hydrogen 
peroxide by the amine because of the large ratio of the amount of peroxide 
present to that of the amine (4.75 to 0.074). Such marked decrease in 
rate of reaction can only be due to the existence of a chain reaction. The 
amount of inhibition is not great enough, however, to indicate a long chain. 
This conclusion is concordant with the previous calculation of minimum 
chain length. The observation that no retardation occurs when an other¬ 
wise efficient inhibitor is added to the system after reaction has proceeded 
for some time is not new (13). Such behavior is usually ascribed to the 
formation during the oxidation of peroxides which destroy the inhibitor. 

The fact that the addition of 0.9 millimole of hydrogen peroxide to a 10 
per cent solution of acetaldehyde did not increase the rate of oxidation is as 
one would expect. Since acetaldehyde has a high absorption coefficient 
over a wide range (14), one would expect the hydrogen peroxide to be well 
screened in such a concentrated solution of acetaldehyde. That the rate 
of oxidation of the 1 per cent solution is increased by the addition of perox¬ 
ide indicates that, at this concentration, some of the light is being absorbed 
by the hydrogen peroxide molecules which decompose and enter into the 
oxidation. As shown by curves F and G of figure 2, the effect of ethyl- 
amine as an inhibitor is great. Curves D and E of figure 2 show that ethyl 
alcohol is an inhibitor of the aldehyde oxidation, but not a very good 
inhibitor. This fact explains why it is that the acetaldehyde formed in the 
alcohol oxidation is not immediately oxidized, but rather accumulates and 
may be identified in the product. 

Bowen and Tietz (15) concluded that an organic peroxide, probably 
diacetyl peroxide, is formed when gaseous, liquid, or dissolved acetalde¬ 
hyde is exposed in presence of oxygen to ultra-violet light, but that in 
aqueous solutions the peroxide will have reacted and disappeared at the 
end of twenty seconds. They also showed that the oxidation of acetalde¬ 
hyde was a chain reaction and found that alcohol acted as an inhibitor when 
added to hexane solutions of acetaldehyde. From their results one would 
expect that, even if a peroxide were first formed in the oxidation of acetalde¬ 
hyde in a 95 per cent aqueous alcohol solution, the peroxide would imme¬ 
diately react to form acetic acid which would be the oxidation product 
found. 

All of the experimental evidence indicates that the oxidation of alcohol 
photosensitized by hydrogen peroxide is a chain reaction, but that the 
chains are short ones. It is of interest to note that Alyea and Backstrom 
(16) in their work on the inhibitory action of alcohols on the sodium sulfite 
oxidation found tbgt their data could best be explained by assuming that 
if the oxidation of alcohol were a chain reaction, the chains were short ones. 
Under their experimental conditions the chain length of the alcohol oxida¬ 
tion would be even shorter than in the present case. 
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It is clear that these considerations do not prove that the Haber-Will- 
statter mechanism is correct. They do show, however, that the concept 
of a chain mechanism for the oxidation of ethyl alcohol is a justifiable one. 
Moreover, all of the experimental results reported in this paper may be 
satisfactorily interpreted by this mechanism. 

SUMMARY 

1. With an intense source of light, and in contact with oxygen, ethyl 
alcohol is oxidized photochemically, the process being auto-accelerating 
in nature. 

2. The oxidation of alcohol by oxygen may be photosensitized by hydro¬ 
gen peroxide. 

3. Such an oxidation is a chain reaction with short chain length. 

4. The photo-oxidation of aqueous acetaldehyde solutions is a chain 
reaction with longer chain length. 

5. A chain mechanism such as that of Haber and Willstatter involving 
hydroxyl radicals as intermediates in the chain is compatible with the 
experimental results. 
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In the preceding paper (1) the thermal reaction of stannous chloride 
with atmospheric oxygen was discussed, and evidence given to show that 
it is probably a thermal chain reaction similar to the autoxidation of sodium 
sulfite and of benzaldehyde, investigated by Backstrom (2) and Alyea and 
Biickstrom (3). In order to secure further proof of the chain mechanism 
of the autoxidation of stannous chloride, the effect of visible and ultra 
violet radiation on the reaction was investigated. 

APPARATUS 

A 

The apparatus used was similar to that used in the studies of the thermal 
reaction. A reaction flask was made from a quartz tube of 1J inches in¬ 
side diameter, and 7 inches long. Indentations were made in the bottom, 
as was done with the glass flasks, to insure a better agitation. It was 
found impracticable to use a flask exactly like those of glass (1) with a bulb 
in the lower part. The quartz flask did not give a high enough area of gas- 
liquid interface to keep the solution saturated with oxygen and thus give 
the same reaction velocity as determined in the glass flasks, but it gave 
reproducible results, and thus allows a comparison of the results with posi¬ 
tive catalysts and inhibitors. 

The light source used was a capillary mercury vapor lamp of the type 
described by Daniels and Heidt (4). This lamp gives a high intensity in 
the ultra-violet region, and allows more accurate measurements than a low 
intensity lamp. 

Some absorption measurements were made on the quartz monochromator 
described by Heidt and Daniels (5). Spectrograph work was done by 
means of a Kriiss quartz spectrograph equipped with a single 60° prism. 

ABSORPTION SPECTRUM OP STANNOUS CHLORIDE 

Preliminary experiments having shown that ultra-violet radiation was 
effective in speeding up the autoxidation of stannous chloride, it wasneces- 

1 This research was financed by a grant from the Research Committee of the Uni¬ 
versity of Wisconsin, Dean C. S. Slichter, Chairman. 
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sary to determine what wave lengths were active in causing this result. 
The absorption spectrum for the stock solutions of stannous chloride (32 
grams per liter of SnCh; 0.8 N in HC1) was determined on the spectrograph, 
and it was found that the region of complete absorption extends up to 
3000 A. Decreasing the concentration of stannous chloride shifts the 
limit of complete absorption toward the lower wave lengths. 

CORRECTION FACTOR FOR POLYCHROMATIC LIGHT 

The monochromator was not suitable for the full set of experiments on 
quantum yield, using a shaken cell, and no filter could be arranged which 
would give a high transmission of the mercury line at 3020 A. and still shut 
out all lines at 3130 A. and higher, so that it was necessary to use poly¬ 
chromatic light in these experiments. The light intensity in the quantum 
yield experiments was determined by the use of the uranyl oxalate ac- 

TABLE 1 

Effect of light intensity on quantum yield 

Jo | <t> 

quanta per minute 

7 7 (10) 17 
5 2 
3 2 
2 0 

tinometer described by Leighton and Forbes (6). A weighted average 
quantum yield of 0.553 was calculated for the range of wave lengths used, 
from the data given in their article on quantum yields for monochromatic 
light. In the determination, the uranyl oxalate actinometer was shaken at 
the same speed in the same flask as was used for stannous chloride in order 
to give comparable results. Since the range of absorption of uranyl oxa¬ 
late and stannous chloride is different it was necessary to determine a cor¬ 
rection factor to be applied to the number of quanta obtained by the ac¬ 
tinometer. This factor was obtained by the use of two similar quartz cells 
in series. The actinometer solution was placed in the second cell. The 
first cell was filled successively with distilled water and stannous chloride 
stock solution, and the decomposition of the actinometer solution measured 
in edch case. The ratio of the number of quanta absorbed by the stannous 
chloride to the number absorbed by uranyl oxalate was found to be 0.62 
dbO.Ol. This factor was applied to all the runs with different lamps, since 
Daniels and Heidt have shown (4) that the distribution of energy in the 
ultra-violet region varies only slightly with the voltage at a constant 
wattage. 


33 

29 

14 

12 
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VARIATION OF QUANTUM YIELD WITH THE LIGHT INTENSITY 

It is known that for many photochemical reactions the quantum yield 
<l> varies with the intensity of the light. The variation in intensity was 
produced by different lamps and by varying the wattage of the lamps. 
Table 1 shows the effect on the quantum yield of the photochemical autoxi- 
dation of stannous chloride. 

These intensities are given as the actual intensities causing reaction in 
the stannous chloride, that is, they are the actinometer intensities multi¬ 
plied by the correction factor. The quantum yields are not accurate in 
the last figure, but two figures are given for comparison purposes. 

The following sample of the calculations is given for reference. 

Run No. 517 

“Light" reaction = Total — “dark” reaction 


= 7.86 - 0.86 


= 7.00 ce. of O 2 used in 22 minutes 


7M 716 273 2(6.06) (10) 23 
22,400 ’ 760 * 298 * 22 


1.48(10) 19 molecules of stannous chloride reacting 
per minute 


The actinometer solution decreased 2.80 cc. of 0.0328 N potassium permanganate 
in titer, after one hour exposure to the light. 


(2.80) ( 0.0328) 
(1000) (60) (2) 


(O.OOJJIO)^ 3 (0.62) 
0 553 


= 5.18(10) 17 quanta per minute 




(1.48) (10) 1 * ^ , 

(5~18Hloj l7 “ 28 5 molerules per Twnta 


EFFECT OF CATALYSTS ON QUANTUM YIELD 

If the thermal and photochemical reactions are completely analogous, 
accelerators and inhibitors should have the same effect on the photo¬ 
chemical reaction as on the thermal reaction. This is true for the cata¬ 
lysts used in the experiments. A few of the substances found to have 
pronounced effects on the thermal reaction were used, and gave the ex¬ 
pected results as shown in table 2. It is to be noticed that picric acid, a 
strong inhibitor for the thermal reaction, reduces the quantum yield to 
almost exactly 1. The accelerators for the thermal reaction also acceler¬ 
ate the photochemical reaction as shown by the results. The last column 
of table 2 shows the relative effect of the catalysts used. In determining 
these values, the values for the quantum yield of the uncatalyzed reaction 
were interpolated from the results of table 1, expressed as a straight line 
proportionality between <f> and Jo. 
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TABLE 2 

Effect of catalysts on quantum yield 


CAT ALYST 

>0 

MOLECULES 
REACTING FLR 
MINUTE 

* 

FEB CENT 
OP UNCAT¬ 
ALYZED 0 

0 00002 M Picric acid 

quanta per 
minute 

7 2 (10)” 

6 2 (10)” 

1 

3 

0 1 M Amyl alcohol 

6 8 

262 

39 

120 

01 M Allyl alcohol 

6 1 

266 

44 

150 

0 1 M Propionic a< id 

4 1 

187 

46 

230 

0 002 M Thiourea 

3 2 

83 

26 

160 

0.065 M Hydroquin one 

3 2 

115 

36 

220 

0.065 M Catechol 

3 2 

86 

27 

170 

0 065 M Resorc mol 

3 2 

125 

39 

240 

1 75 M Isopropyl altohol 

3 2 

140 

45 

280 

0 1 M tertiary Butyl alcohol 

2 0 

42 

21 

210 


TABLE 3 

Test of Beer’s law foi stannous chloride solutions 


SOI UTION 

i 

CONCENTRATION OF 
STANNOUS 
CHLORIDE 

CONCENTRATION OF 
HYDROCHLORIC 

A< ID 

PER CENT LIGHT 
TRANSMITTED 

a 

a 

ftrams per liter 

3 0 

prams per liter 

6 0 

87 6 

6 5 

b 

8 0 

16 0 

66 7 

7 4 

c 

13 0 

26 0 

37 9 

10 9 

<1 

21 0 

42 0 

8 4 

17 2 

e 

31 0 

62 0 

1 0 

21 8 


BEER’S LAW STUDIES FOR STANNOUS CHLORIDE 

In general, light-absorbing media follow Beet’s law, which gives the 
variation in absorption of a given wave length with varying concentration 
and thickness of the absorbing layer 

^ -a- p-aed 

/. e 

Where I = the intensity of the transmitted light, 

Jo = the intensity of the incident light, 
a = the molecular absorption coefficient, 
c = the concentration (in moles per liter), and 
(l = the thickness of the layer. 

(d = 1.3 cm. for the cell used). 

Table 3 shows the results of these experiments on stannous chloride solu¬ 
tions. Hydrocnloric acid was used to keep the stannous chloride from 
hydrolyzing, a constant ratio of hydrochloric acid to stannous chloride 
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being used in all solutions. The wave length used was the 3130 A. line, 
isolated by the use of the quartz monochromator. It can be seen that the 
value of a changes about threefold for a tenfold change in concentration 
of stannous chloride, showing that Beer’s law does not hold. It was thus 
assumed that stannous chloride is not the absorbing medium. To test 
this hypothesis further, runs were made using a constant amount of stan¬ 
nous chloride with varying amounts of hydrochloric acid. The results are 
shown in table 4. In this case the value of a changes twelvefold for a thirty¬ 
sixfold change in the hydrochloric acid concentration. Hydrochloric 
acid alone shows no appreciable absorption at this wave length, so that the 


TABLE 4 

Effect of varying amounts of hydrochloric acid on the Beer's law constant 


SOLUTION 

CONCENTRATION OF 
STANNOUS 
CHLORIDE 

CONCENTRATION OP 
HYDROCHLORIC 
ACID 

PFR C> NT IIOHT 
TRANSMUTED 

at 

g 

grama per littr 

13.0 

Qrama ptr htct 

4 4 

69 7 

4 1 

<* 

13 0 

26 0 

37 9 

10 9 

f 

13.0 

156 0 

1 1 

50 3 


TABLE 5 

Molecular absorption coefficient 

Solution No. 10; 32.7 grams of stannous chloride per liter; 0 811 N hydrochloric acid 


WAVS LFNOTH 

PFR CFNT LIGHT TRANSMITTED 

« 

2850 A. 

0 0 

00 

3020 

4 9 

13 

4 

3130 

28 4 

5 

6 

3340 

97 9 

0 

095 

3650 

100 0 

0 

0 


great change in a must be due to the influence of the hydrochloric acid on 
the s tann ous chloride. Thus the medium which absorbs the light quan¬ 
tum and becomes activated is not stannous chloride, nor the Sn+t ion, 
but must be some substance whose concentration increases with addition 
of hydrochloric acid to the system. The absorbing medium is thus either 
the complex chloro acid HSnCU or H s SnCl 4 , or the ions SnCl 3 ~ and SnCl 4 “ 
of those acids. That these complex ions are present in an acid solution 
was shown by Prytz (7). 

MOLECULAR ABSORPTION COEFFICIENT 

The molecular absorption coefficient was determined for a stannous 
chloride solution containing 32.7 grams of stannous chloride per liter and 
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0.811 N in hydrochloric acid, by use of the monochromator. Table 5 gives 
the results. These values of a are not applicable to other concentrations, 
because of the non-validity of Beer’s law, but are included to show the 
range of partial and complete absorption. 

SUMMARY 

1. The autoxidation of stannous chloride is shown to be a photochemical 
chain reaction by the quantum yields of more than unity. 

2. The photochemical and thermal reactions are affected similarly by 
accelerators and inhibitors; thus the hypothesis of a chain mechanism is 
supported for the thermal reaction. 

3. Stannous chloride shows complete absorption below a certain limit; 
the limit is about 3000 A. for the stock solutions used in the research, con¬ 
taining about 32 grams of stannous chloride per liter and being 0.8 N in 
hydrochloric acid, and is lower for more dilute solutions. 

4. Stannous chloride was shown not to obey Beer’s law. This was ex¬ 
plained by the assumption that the complexes HSnCl 3 and H 2 SnCLj are 
the active agents in absorbing the light, since the concentrations of these 
substances are increased by addition of hydrochloric acid to the system. 

5. The molecular absorption coefficients for one stock solution are given, 
showing complete absorption of light at 2850 A. and below, partial absorp¬ 
tion from 3020 A. to 3340 A. , and complete transmission at 3650 A. and above. 
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MEASUREMENT OF THE RATE OF ADSORPTION AT 
CONSTANT PRESSURE 
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In the simplified formula for the process of adsorption as suggested by- 
Langmuir, the rate of the process is dependent upon the pressure of the 
gas being adsorbed. For the simple case of a single gas the rate of con¬ 
densation may be given by (1) 

+ % - Ml-d 

and the rate of evaporation by 


Because of the importance of the measurement of the rate of adsorption in 
the determination of the activation energy (2) of the adsorption process, it 
was of interest to determine actually the significance of this pressure fac¬ 
tor in the measurement. Most recent workers have used apparatus simi¬ 
lar to that described by Pease (3). A quantity of gas is admitted and the 
velocity of adsorption is determined by the rate of pressure change. In 
one case reported the pressure actually decreased from 624 mm. to 235 
mm. in 71 minutes. In the measurement of adsorption isotherms for 
which the process was devised, this change in pressure is of no consequence, 
since the process continues to equilibrium. 

APPARATUS 

The apparatus was constructed of Pyrex glass throughout and is illus¬ 
trated in figure 1. Tube A containing the adsorbent was connected 
through a special stopcock with the gas burette E and manometer G. The 
traps B were cooled with solid carbon dioxide and ether. Capillary tub¬ 
ing was used except in the pump system. The manometer was arranged 
to act as a constant volume instrument and tungsten wire contacts were 
connected with a small electric light to serve as the indicator. The level¬ 
ing bulb for the burette was supported by a wire over a pulley to a set of 
reducing gears. Thus the level of the mercury in the burette could be 
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changed rapidly and with precision. In order to measure the rate of ad¬ 
sorption at constant pressure the manometer was adjusted to the reading 
for the pressure desired and the gas burette opened to the catalyst. The 



Fia. 1 . Apparatus for the Measurement of the Rate of Adsorption 
A, Adsorbent tube with boiler; B, traps cooled with carbon dioxide and ether; 
C, McLeod gage; D, mercury-vapor, Sprengle and oil pumps; E, gas burette; F, gas 
reservoirs and purification; G, constant volume manometer with electric contact; 
II, leveling bulbs. 

volume change of the process, at constant pressure, could be read directly 
from the burette each minute. By closing the burette after admission 
of the gas to be adsorbed this apparatus was also used to determine the 
adsorption at constant volume. 
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VARIATION OF RATE WITH PRESSURE 

A mixed oxide catalyst, Mn 0 -Cr 2 03 , was selected to illustrate the effect 
of pressure on the rate of adsorption. For comparison the material was 

TABLE 1 

Adsorption of hydrogen on a mixed oxide catalyst 


24 grams 0 f Mn0-Cr 2 0 3 at 132°C 


TIMB 

ADSORPTION NO 3 
a OLUMN CONSTANT 

ADSORPTION 

NO 4 PRFB- 
8URL 480 MM 

TIML 

VDSORPTION NO S 
\OT UMF OON8TAN1 


Pressure 

Volume 

Volumo 


Pt ensure 

\ olume 



adsorbed 

adsorbed 



adsorbed 


mm 

re 

ec 


tn »i 

cr. 

2 

480 

6 5 

6 5 


480 

6 4 

3 

467 

7 2 

7 6 


460 

7 7 

4 

451 

8 1 

8 5 


447 5 

8 5 

5 

439 

8 8 

9 2 


435 

9 l 

6 

430 

9 3 

9 8 


425 

9 7 

7 

420 

9 9 

10 4 


416 

10 2 

8 

413 

10 25 

10 9 


408 

10 G 

9 

406 

10 7 

11 4 


402 

10 9 

10 

400 

11 0 

11 8 


395 

11 3 

11 

394 

11 35 

12 2 


389 

11 7 

12 

388 

11 7 

12 5 


384 

12 0 

13 

383 

12 0 

12 8 


378 5 

12 3 

14 

379 

12 2 

13 2 


373 

12 7 

15 

374 

12 5 

13 5 


369 

12 9 

17 

366 

12 9 

14 0 


361 

13 3 

20 

355 5 

13 8 

14 8 


350 

13 9 

25 

339 5 

14 4 

15 9 


334 

14 8 

30 

326 

15 2 

16 9 


1 321 

15 5 

40 

305 

16 4 

18 5 


299 5 

16 8 

50 

287 5 

17 4 

19 9 


282 

17 8 

60 

273 

18 2 

21 0 


267 5 

18 6 

75 

255 

19 4 

22 5 


250 5 

19 5 

90 

240 

20 05 

23 4 

76 

480 

20 2 

105 

227 5 

20 89 

24 5 

77 


20 35 

120 

216 5 

21 4 

25 6 

78 


20 5 





79 


20 7 





80 


20 9 





82 


21 1 





85 


21 5 





90 


22 0 





95 


22 5 





100 


23 0 





110 


23 8 





120 


24 6 


prepared as described by Taylor and Williamson (4). The data presented 
in table 1 and figure 2 was obtained on 24 grams of the mixed oxides. Be- 
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fore the measurement of adsorption the sample was reduced at 350-370°C. 
for three days and evacuated twenty-four hours at 450-470°C. by manna of 
mercury-vapor and oil pumps. After the determination of the inert space 
of the system with purified nitrogen, the material was again evacuated 
twenty-four hours at 450-470°C. A similar evacuation of twenty hours 
followed each adsorption measurement. 

Adsorption No. 3 was carried out at constant volume by the method pre¬ 
viously described to obtain the rate of adsorption. With all other con¬ 
ditions identical except that the pressure was maintained constant, curve 
4 was obtained. It is quite evident that as the formula predicts, the ad- 



Fig. 2. Rate of Adsorption 
Curve 3 at constant volume; curve 4 at constant pressure 


sorption at constant pressure continues at a higher rate than in those cases 
in which the pressure decreases. At the end of two hours in this case the 
difference is an increased adsorption of 4.2 cc. by the method advocated, 
amounting to 19 per cent of the total amount adsorbed by the former 
method in this length of time. A fifth adsorption was made in which the 
process was at constant volume during the first 75 minutes after which 
the pressure was increased immediately to 480 mm. and the adsorption 
measurements continued at that pressure. In this adsorption, curve 5, 
it was surprising to find the high rate at which after 75 minutes the adsorp¬ 
tion increased toward the value previously obtained. After two additional 
adsorptions were made on the sample at 132°C. at constant pressure, which 



RATE OP ADSORPTION AT CONSTANT PRESSURE 


385 


in themselves agreed with number 4, similar results were obtained in ad¬ 
sorptions at 100°C. by the two methods. 

STABILITY OF THE ADSORBENT SURFACE 

Adsorbent surfaces are known to be highly complex. However the 
author has -contended that by rigorously following a definite method of 
preparation and cleaning of the surface, reproducible results in a given 
sample should be obtainable. Two possible methods of determining 
whether a surface has been completely degassed are the use of the McLeod 
gage or the repetition of the evacuation and adsorption. The complete 
cleansing may of course result not in a surface of maximum activity but 
merely in one of constant activity. The McLeod gage was used previously 


TABLE 2 


TIME 

ADSORPTION 1 

ADSORPTION 2 

minutes 

cubtc centimeter h 

cubic centimeters 

2 

3 9 

5 9 

30 

11 9 

14 5 

60 

14 6 

18 3 

120 

17 8 

22 6 


TABLE 3 

Amount of adsorption 


SAMPLE 

TAYIOK AND 
WILLIAMSON 

| 1ST ADSORPTION 

3RD ADSORPTION 

5ih adsorption 

minutes 

10 

30 

60 

1 

cc per gram 

0 39 

0 45 

1 0 53 

cc per gram 

0 34 

0 50 

0 61 

cc p>T gram 

0 46 

0 63 

0 76 

<i per gram 

0 47 

0 65 

0 77 


(5) in the study of palladium to check the completeness of the degassing 
process. In the present study the amount of hydrogen adsorbed was less 
in the first two trials, table 2, than in the subsequent experiments. The 
method and time of each step of the process was identical throughout. 
Among the possible factors are the following. The extra evacuation after 
each adsorption may have finally removed all interfering materials, or the 
added period of heating during evacuation may have produced activating 
changes in the surface. The hydrogen adsorbed may have an activating 
effect upon the surface, cleansing it of other gases, or actually completing 
the reduction of the oxide. Burrage (6) has recently discussed the neces¬ 
sity of flushing the surface Whatever the process, it is evident that in the 
present case the surface reaches a maximum activity and remains quite 
constant. This final surface has a larger capacity than that of Taylor and 
Williamson (see table 3), although the samples agree with each other more 
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closely than the first and last adsorption on the present sample. It is 
perhaps superfluous to remark that this increased adsorption is produced 
by the same method as is used in producing the most active catalytic sur¬ 
face, i.e., by repeated reduction. 

ACTIVATION ENERGY 

Although the purpose of this determination did not involve the calcula¬ 
tion of activation energies, they may be obtained from the data at the two 
temperatures. Since the rates at each temperature arc different depend¬ 
ing upon the method used, it is not surprising to find some variation in the 
value of E resulting. This activation energy of adsorption varies with the 
fraction of the surface covered, the first gas adsorbed requiring less activa¬ 
tion than the final amount. The data as presented in table 4 have been 
calculated so that they may be compared with the data of Taylor and 
Williamson. The present sample weighed 0.51 as much as that of the 

TABLE 4 


Activation energy in adsorption 
Hydrogen on Mn0-Cr 2 0 3 at 100-132°C 


VOIUMU ADSORBLD 

E IN CALORIES PFR MOLE ADSORB* D 

Pressure 

Volume 

CC 

7 8 10 3 

4,580 

10,300 

10 3-12 9 

6,700 

14,000 

12 9-15 5 

9,800 

15,400 

15 5-18 1 

12,600 



former authors and therefore the volume interval 15-20 cc. corresponds 
to that between 7.8-10.3 cc. for an equal fraction of the surface covered 
in the present sample, etc. 


CONCLUSION 

The Langmuir theory of the adsorption process requires that the velocity 
of condensation be dependent upon the pressure. This has been proven 
to be experimentally true in the case of hydrogen adsorbed upon the mixed 
oxides of manganese and chromium. As a result, in the determination of 
the activation energy of the adsorption process from rate measurements 
it is necessary that the method used shall consider the effect of pressure. 
A method is here suggested for this measurement at constant pressure, 
previous work having been done at constant volume. Repeated adsorp¬ 
tions upon the same surface were found to increase in rates to a maximum 
on the third adsorption. After this amount of use the surface remained 
constant during five additional adsorptions. The conclusion is that the 
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surface should first be shown to be stable before it may be used to obtain 
data at various temperatures for calculation and comparison. This ap¬ 
paratus and method is also ideally suited for the direct determination of the 
adsorption isobar. 
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This paper is a further contribution to the study of the fine structure of 
cellulose ester plastics from the point of view of sorption (1). The ener¬ 
getics of sorption consist principally of heats of adsorption, wetting and 
swelling. In view of the polydisperse character of most of the cellulose 
colloids (2) it is quite possible that a swelling in a given liquid may consist 
of two acts, viz., actual solution of a more disperse or lower molecular frac¬ 
tion, and wetting of a less disperse, higher molecular portion, which retains 
the gel structure. But at present we may regard heats of wetting and 
swelling as synonymous, with the proviso that later investigations may 
make necessary further differentiation. 

Measurements have been made of the heat of wetting of an acetone- 
soluble cellulose acetate (40 per cent acetyl) in various non-solvent liquids 
at 25°C. The heat of wetting is defined as the calorics of heat evolved per 
gram of dry acetate when the acetate is immersed in sufficient liquid to 
insure complete wetting. 

Knoevenagel (3) measured the heat of swelling (wetting) of a cellulose 
acetate of 36.9 per cent acetyl in different mixtures of ethyl alcohol, ben¬ 
zene, and nitrobenzene. The heat of swelling in ethyl alcohol was about 
650 calories per mole of cellulose acetate; in benzene, 1100 calories per mole; 
and in nitrobenzene, 1300 calories per mole. 

The heats of wetting of various forms of cellulose (cotton, paper, wood) 
have been measured by Masson (4), Katz (5), Rosenbohm (6), Dunlap 
(7), and Barratt and Lewis (8). 

EXPERIMENTAL 

The heat of wetting was measured in a calorimeter consisting of a 1000-cc. 
Dewar flask fitted with a Beckmann thermometer, a stirrer, a heating 
coil, and a device for admitting the dry acetate similar to that used by 
Hedges (9) for measuring the heat of wetting of wool and silk. The calo- 

1 Communication No. 514 from the Kodak Research Laboratories. Presented at 
the Regional Meeting of the American Chemical Society held at Rochester, New 
York, February 6, 1932. 
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rimetcr was packed in cotton in a cardboard box and the latter enclosed in 
an air thermostat at 25 dr 0.03°C. Five hundred cc. of liquid were used 
m each experiment and about 15 grams of dry cellulose acetate. The 
cellulose acetate was dried by heating twenty-four hours at 105°C. The 
acetate and liquid were kept in the thermostat for fifteen hours before 
mixing to insure equality of temperatures. In most cases the maximum 
temperature was attained within ten minutes. The cooling curve was 
followed for about twenty minutes. The heat capacity of the calorimeter 
was determined after each experiment by passing enough current through 
the calibrated heating coil to give about the same temperature rise as 
was observed in the wetting experiment. The required temperature cor 
rections were made. The temperature rise varied from 0.15°C. to 1 00°C. 
The maximum deviation in check determinations was 5 per cent. 

RESULTS 

The results arc shown in table 1. The first column gives the wetting 
liquids, the second column the molecular weight of the wetting liquid, 
and the third column the heats of wetting in calories per gram of dry ace¬ 
tate. The heat of wetting decreases with increase in molecular weight in 
a given homologous series. The time required for the maximum tempera¬ 
ture rise (fourth column) may be taken as a measure of the rate of penetra¬ 
tion of the liquid into the cellulose acetate. As would be expected, this 
time increases with increase in molecular weight in a given series. 

TABLE 1 


Heal oj wetting of cellulose acetate 






ADSORPTION 

ADSORPTION DY 




TIM* 

SHEET 

FIBERS FROM 




RFQUIRED 

> ROM 1 

IQUID 1 

SATURATED 


MOI 1U 

HEAT OP 

FOR 

AT 25 C 

VAPOR AT 25°C 

LIQUID 

UI AR 

MAXIMUM 





W EIGHT 

WETTING 

TEMPER- 

A1UR* 

Weight 

Milli¬ 

moles 

Weight 

Milli 

moles 




RISE 

per 

cent 

per 

per 

cent 

per 





gram 

gram 



calories 
per gram 

minutes 





Water 

18 

6 01 

3 

13 7 

7 6 

14 3 

7 94 

Methyl alcohol 

32 

7 52 

3 



51 5 

16 1 

Ethyl alcohol 

46 

5 65 

3 

21 4 

4 6 

34 8 

7 56 

n-Propyl alcohol 

60 

4 94 

6 

21 2 

3 5 

25 6 

4 27 

n-Butyl alcohol 

74 

4 25 

13 

16 8 

2 3 

28 0 

3 78 

Benzene 

78 

7 57 

8 

22 1 

2 8 

39 1 

5 01 

Toluene 

92 

5 78 

15 

16 9 

1 8 

23 0 

2 50 

m- Xylene 

' 106 

3 69 

30 

5 0 

0 5 

17 1 

1 61 

Cyclohexane 

84 

1 40 

10 

1 5 

0 18 

12 6 

1 50 
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Our value for the heat of wetting of the acetate in ethyl alcohol is 5.65 
calories per gram of acetate or 1509 calories per mole, assuming a molecular 
weight of 267. This is much higher than KnoevenagcFs value of 600 to 
700 calories per mole. Likewise, our value of 7.57 calories per gram or 
2021 calories per mole for the heat of wetting in benzene is higher than 
Knoevenagel's value of 1100. The difference in the acetyl contents of the 
cellulose acetates is not sufficient to account for the discrepancy. 

The heat of wetting of the precipitated cellulose acetate by water is 6.0 
calories per gram. The heat of wetting of a similar cellulose acetate in 
the form of a sheet is approximately 7 calories per gram as obtained by 
extrapolation from the integral heat of adsorption curve. 

Knoevenagel (3) regarded his results as supporting a conception of 
definite (stoichiometric) solvate formation for the sorption of liquids by 
cellulose esters. Thus, in a previous communication (10) he claimed that 
“regularities of a molar character were found for the liquids taken up in 
swelling equilibrium with cellulose acetate.” Thus in the swollen cellulose 
acetate obtained with varying mixtures of nitrobenzene-alcohol, acetic 
acid-benzene, or acetic acid-water, a constant value was obtained for the 
quotients: 


* Moles ad sorbed alcohol (benzene, water) 

Moles cellulose acetate 

He now concludes that “to these molar relations” an unexpected, far- 
reaching addition for nitrobenzene is made,—“The amount of heat de¬ 
veloped per mole or weight unit of cellulose acetate divided by the sum of 
the sorbed moles of liquid is constant.” The constant in question is, 
surprisingly, the same for experiments with nitrobenzene-alcohol, alcohol- 
benzene, and benzene-nitrobenzene. The actual values are given in table 2. 


TABLE 2 
Values of H/A 


LIQUID 

1 

MOLJ- f- 
UIAK 

AV J- ICHT 

// 

HKAT OF 
WMT1NO 
(8WEI LINO) 

IN KIIOOKAM- 
f A LOUIES 

PI It MOI h Ol- 
CELLULOSE 
ACETATE 

A 

adsohpiion 

IN MOL) * 
PER MOI K OF 
CELLULOSE 
ACETATE 

HI A 



0 6) 

6 8\ 

O.lll 

Alcohol. .. 

46 

0 7/ 

6 1/ 

0 11/ 



1 l \ 

9 9l 

0 ll\ 

Benzene. 

78 1 

ii) 

9 8/ 

0 11/ 



13 \ 

11 8l 

0 ll\ 

Nitrobenzene . 

123 

1 3/ 

12 3/ | 

0 10/ 




392 


8. E. SHEPPARD AND P. T. NEWSOME 


The “constancy” of the quotient H/A is good for these few substances. 
Our own values of heats of wetting do not bear out Knoevenagel’s conten¬ 
tion (see table 3). 


TABLE 3 

Values of H and A a* found by the authors 


iiquiD 

HP AT OF 

ADSORPTION 

11/i 


"Wl/Tl IN(r 




( alone* ptr 

millimole* pti 



gram 

gram 


Water 

6 01 

7 9 

0 76 

Methyl alcohol 

7 5 

16 1 

0 47 

Ethyl alcohol 

5 65 

7 56 

0 75 

n-Propyl alcohol 

4 94 

4 27 

1 16 

n -Butyl alcohol 

4 25 

3 78 

1 12 

Benzene 

7 57 

5 01 

1 51 

Toluene 

5 78 

2 50 

2 31 

ra-Xylene 

l 

3 69 

1 61 

2 29 


Not only is the ratio of H/A quite inconstant, but our figures for the 
sorption, whether from liquid or saturated vapor, are of quite a different 
order from Knoevenagel’s. This difference appears to be due chiefly to 
his experimental method, which involved measurement of liquid retained 
by precipitated cellulose acetate after centrifuging. This procedure does 
not appear to us likely to give correct values. In the case of complete 
solvents for cellulose esters, the existence of molecular compounds in cer¬ 
tain cases (11) appears very probable, but in the case of sorption there 
does not appear to be any systematic evidence of stoichiometrical relations. 

It was desired to obtain a relation between the heat of wetting and the 
corresponding amount of adsorption. It is not feasible to measure the 
adsorption by the precipitated material from the pure liquid but we can 
convert the precipitated acetate to a sheet, immerse it in the liquid, and 
weigh the amount sorbed after removing the excess from the surface. 
This sorption from the pure liquid by a sheet 0.005 inch thick is shown in 
columns five and six of table 1. The sorption of methyl alcohol could not 
be accurately measured in this way because of the evaporation during the 
handling of the sheet. 

The sorption by the sheet, however, is probably less in most cases than 
that by the fibers under the same conditions, because of the smaller external 
surface of the sheet (12). Theoretically, the sorption by the fibers from 
the pure liquid should be the same as that by the fibers from the saturated 
vapor. Data for the latter obtained with a silica spring balance was 
shown in columns seven and eight of table 1. It will be seen that, with the 
exception of water, the sorption by the fibers from the saturated vapor is 
considerably higher than the sorption by the sheet from the pure liquid. 
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The sorption from the saturated vapor is composed partly of true surface 
adsorption and partly of capillary condensation but only the former con¬ 
tributes to the heat of wetting. It is, therefore, necessary to know how 
much of the sorption is surface adsorption and how much capillary con¬ 
densation. 

THE PORE VOLUME OF PRECIPITATED CELLULOSE ACETATE 

Figure 1 shows the graph of the heat of wetting against the correspond¬ 
ing total sorption—assumed to be the same as that from the saturated 
vapor at the same temperature. In a previous communication (12) it 
was shown that the adsorption of the alcohols decreased with increase in 
molecular weight and appeared to become approximately constant at n- 
butyl alcohol. It was assumed that beyond this point there was no fur¬ 
ther capillary condensation. The curves of figure 1 indicate that capil¬ 
lary condensation in the alcohol series ceases at n-propyl instead of n-butyl 9 
and in the aromatic hydrocarbon series at toluene. The prolongations of 
the lines through the origin enable us to determine the surface adsorption 
which is necessary to account for the heats of wetting of benzene and of 
methyl and ethyl alcohols. The excess sorption is due to capillary con¬ 
densation and gives a measure of the pore volume filled by the liquid. 
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Table 4 shows the surface adsorption and capillary condensation for the 
different liquids, together with the calculated pore volumes. 


TABLE 4 


LIQUID 

SURFACE 

ADSORP¬ 

TION 

CAPILLARY 

CONDEN¬ 

SATION 

DENSITY 

AT 25 # C. 

PORE 

VOLUME 


millimoles 

millimoles 


cc per 


per gram 

per gram 


gram 

Methyl alcohol 

6 52 

9 58 

0 7866 

0 389 

Ethyl alcohol 

4 87 

2 69 

0 7851 

0 158 

n-Propyl alcohol 

4 27 

00 


0 0 

Benzene 

3 28 

1 73 

0 8734 

0 155 

Toluene 

2 50 

0 0 

i 

0 0 


Methyl alcohol gives the largest amount of capillary condensation. The 
pore volume thus occupied is 0.389 cc. per gram of dry acetate. 

The straight lines through the origin in figure 1 correspond to a constant 
net heat of adsorption of 2.30 calories per millimole of adsorbed liquid for 
the benzene series, and 1.15 calories for the alcohol series. a 


SPECIFIC SURFACE AREA 

Bartell and Fu (13) have described a method for the determination of 
the specific area of adsorbents based on the heat of wetting and adhesion 
tension. They have derived the equation 


a 


- Q 


A - KT 


dS 
d T 


where a is the specific area, —Q is the heat of wetting, A is the adhesion 
tension, 8 is the surface tension of the liquid, T is the absolute tempera- 

A 

ture, and K = = cos where <p is the contact angle between solid and 

o 

liquid. The contact angle betewen cellulose acetate sheet and water was 

d$ 

found by Nietz (14) to be 25°. S = 71.97 dynes per centimeter and ^ = 
- 0.1474. 

Substituting in the above equation, a = 2.4 X 10* sq. cm. We have pre¬ 
viously obtained the value 5.9 X 10* sq. cm. from alcohol vapor adsorption 
data (12). This figure was obtained from the total molar adsorption at 
the saturation pressure and is possibly too high because of some capillary 
condensation of the higher alcohols. 
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SUMMARY 

1. The heat of wetting of an acetone-soluble cellulose acetate by various 
non-solvent liquids has been measured at 25°C. 

2. The respective amounts of surface adsorption and capillary con¬ 
densation have been deduced from a comparison of the heats of wetting 
with adsorption data. 

3. Calculations of pore volume and specific surface have been made. 
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COMMUNICATIONS TO THE EDITOR 


AN ATTEMPT TO SEPARATE ISOTOPES BY REVERSIBLE FRACTIONAL 

DISTILLATION 1 

This paper shows experimentally that the boiling points of the isotopic 
modifications of methylene chloride (CH 2 C1 2 ) differ by 0.005°C. or less. 
S. A. Peoples and L. Newsome (see Evans, Cornish, Lepkovsky, Archibald 
and Feskov: Ind. Eng. Chem., Anal. Ed., 2, 342 (1930)) found no separa¬ 
tion of the isotopes of chlorine by reversible fractional distillation of chloro¬ 
benzene, but their technique was improved for the present attempt, for 
which their 6.09 meter column was available. 

Twenty liters of methylene chloride (Roessler and Hasslacher Co.) were 
carefully purified in the 6.09 meter column. Eighteen liters boiled within 
0.1°C. or less, and this was returned to the cleaned still. The column 
was then operated at total reflux, and all traces of water very carefully 
removed from the condenser (in which any water collects). A calcium 
chloride tube was placed on the condenser vent. Water is sufficiently 
soluble in methylene chloride to reduce appreciably the specific gravity. 
Thirty cc. samples were now withdrawn at intervals for specific gravity 
tests, using a 25 cc. Leroy Weld type pycnometer (Central Scientific Co.), 
which made it possible to check individual weights of samples to less than 

0.5 mg. The results, each being the mean of two determinations of d^j!’ jjj, 

are 1.32043 after 22 hours, 1.32039 after 64 hours, and 1.32046 after 117 
hours (all at total reflux). The entire charge was then distilled off (all 

boiling within 0.1°C. or less), mixed, and found to have dj^j’jjj 1.32040. 

Values are not corrected for buoyancy of air. 

Assuming Raoult’s law, we write for the final limiting steady state at 
total reflux (Fenske: Ind. Eng. Chem. 24, 483 (1932)): 

X pJ X pB “ « n X A/ X U 

where X p JX p b is the ratio of the mole fractions of components A and B 
in the product, X\/Xn is the same ratio in kettle, a is ratio of vapor pressure 

1 Aided by grants from the Committee for Research in Problems of Sex of the 
National Research Council, and from the Rockefeller Foundation. These funds 
have been generously augmented by the Board of Research and the College of Agri¬ 
culture of the University of California. 
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of pure A to that of pure B, and n is the number of theoretical plates. The 
6.09 meter column used, packed with 4 mm. X 4 mm. cylindrical glass 
beads, should give a separation equal to that of at least forty theoretical 
plates, so that n = 40. (Evans, Cornish, Lepkovsky, Archibald, and 
Feskov: Ind. Eng. Chem., Anal. Ed. 2, 342 (1930) and Peters: Ind. Eng. 
Chem. 14 , 476 (1922).) For methylene chloride at 39.7°C., its boiling 
point (Carlisle and Levine: Ind. Eng. Chem. 24 , 146 (1932)), dP/dT is 
0.035 atmospheres per degree. (Morrison and Duus: Chem. & Met. 
Eng. 39 , 230 (1932).) If both pair of successive isotopic forms of meth¬ 
ylene chloride boil y° apart; a = 1 + 0.035y for either pair. The 
composition of chlorine, Cb, is 57.6 per cent CI 2 85 ~ 86 , 36.6 per cent Ch 35-37 
and 5.8 per cent CU* 7 ” 87 . (Giauque and Overstreet: J. Am. Chem. Soc. 
54 , 1737 (1932).) Assuming the same ratios for the three isotopic forms 
of methylene chloride, and assuming their molal volumes in the liquid 
state to be identical, one calculates 1.32040-0.016t/ for limiting specific 
gravity of distillate. Comparing this with experimental values above 
given, it is seen that y must be 0.005°C. or less. This result is apparently 
at variance with the claim (Keesom and van Dijk: Proc. Acad. Sci. Am¬ 
sterdam 34 , 42 (1931)) of a recognizable separation of the isotopes of neon 
in a reversible distilling column of nineteen actual plates. 

The 6.09 meter column will separate in better than 95 per cent purity 
(with a single distillation), liquids boiling as little as 5°C. apart. The time 
for maximum enrichment at total reflux is then about twenty-four hours 
(one day). Hence even with a difference of 0.005°C. (the maximum pos¬ 
sible for methylene chloride isotopes), to get about 95 per cent purity of 
isotopes, such a column must be 6 X 1000 or 6000 meters high, and the 
time for maximum enrichment would be increased to 1000 2 or 10 6 days. 
However, the right set of conditions for such a fractionation may have 
occurred in some places during the formation of the earth. 

SUMMARY 

The boiling points of successive isotopic forms of methylene chloride 
(due to the chlorine 35 and 37) are shown experimentally to differ by 
0.005°C. or less. Hence in a liquid-vapor equilibrium type of fractionat¬ 
ing column, the necessary height and particularly the necessary time of 
distillation, eliminate this method of separation. However this kind of 
fractionation may have occurred naturally in suitable geological formations. 

H. J. Henriques. 

R. E. Cornish. 

The Institute of Experimental Biology 
The University of California 
Berkeley, California 
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CORRECTIONS 

The following corrections should be made in the article “Application of 
the Double Layer Theory of Otto Stern. I.”, appearing in This Journal 
36,3157 (1932): 

In equations 6 and 7, read a + sign instead of the — sign. 

In equation 8, read “5 = 4 X 1.67 X 10 2 

In equation 9, read “295” in the exponent of e, instead of “2.95.” 

In equation 15, the exponent of e should read: 

9 65 X 10 4 X 3 X 10 # X 0 124 
3 X 10 s X 2 X 1.99 X 4.183 X 10 7 X 295 

In equation 17, read “2.27 X 10" 19 ,” instead of “2 27 X 10" 17 .” 

Frank Urban. 

II L. White. 
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Our Mineral Civilization. By Thomas T. Head. Century of Progress Series. 
5x7 in.; 165 pp. Baltimore: The Williams & Wilkins Co., 1933. Price: $1.00. 
The author is a well-known writer in the field of mining engineering. The treatise 
on this subject is exceptionally well written and should be especially interesting to 
people who have not been trained as scientists and engineers. 

The development and uses of the commercial minerals, important chemical ele¬ 
ments, metals, and their alloys as applied by mankind is presented by the author in 
an interesting, clear, accurate, and concise manner. There are statistics, but not 
enough to bore the reader, and the general philosophy, economy, and comparisons 
remind one, to some extent, of the book Creative Chemistry by the late Dr. E. E. 
Slosson. 

R. L. Dowdell. 

Sdure-Basen-Indicatoren. Ihrc Anwendung bci der colorimetrischen Bestimmung der 
Wasser8toffionenkomentration. Von I. M. Kolthoff unter Mitwirkung von 
Harry Fischgold. 13.5 x 20.5 cm.; xi -f 416 pp.; 26 figures. Berlin: Julius 
Springer, 1932. Price: 19.8 RM (geb.). 

This volume, issued under a different title, is a much expanded fourth edition of 
Der Gebrauch von Farbindicatoren. The work is divided into three parts. The first 
two sections, i.e., “The dissociation of strong and weak electrolytes” and “The 
properties of acid-base indicators’ 1 contain an excellent discussion of the theory and 
modern viewpoint of these subjects. The third section dealing with “The colori¬ 
metric estimation of hydrogen ion concentration” contains the applications of the 
theories which have been developed to problems of practical application. 

Probably no one is better qualified to write a handbook such as this than is Dr. 
Kolthoff, for it represents a field to which he has given major attention for a number 
of years, both as a research worker and as a teacher. The theoretical discussions go 
beyond most books which are designed to cover this field and include lucid discussions 
of the recent trends in the “activity” concept, including a thorough discussion of 
Bronsted’s ideas on acid-base function. Bronsted has rightly pointed out that the 
hydrogen-ion, being a naked proton and accordingly an a particle, cannot exist as 
such except for an infinitesimally small length of time, that it will penetrate into 
the electron shell of the first molecule it comes in contact with and, thus associating 
itself with a neutral molecule, will form a molecule possessing a positive charge. 
Thus instead of speaking of “hydrogen-ions” we should more properly speak of the 
“hydronium ion concentration,” (H s O + ), which represents the concentration of the 
solvated protons. The Brdnsted definition of acids and bases differs considerably 
from the older conceptions, but appears to possess real merit. Thus “an acid is a 
substance which is able to split off a proton, simultaneously forming a base, and a 
base is a substance capable of uniting with a proton, thus forming an acid.” Thus 
the dissociation of an acid in water may be written 


A + H,O^B' + HjO + 

acid base base acid 
401 
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This concept lays primary emphasis on the sign and magnitude of the charge of the 
central atom of a molecular configuration as determining acidic or basic properties 
rather than the criterion of “salt formation” which is regarded as an incidental 
phenomenon. 

The present volume is especially valuable since it discusses acid-base dissociation 
in such solvents as ethyl alcohol. On the basis of Bronsted’s definition both ethyl 
alcohol and water are bases, but water is four hundred times as strong a base as is 
ethyl alcohol; this accounts for the difference in behavior between aqueous and alco¬ 
holic systems. This section of the book especially appealed to the reviewer. 

In the section devoted to the properties of indicators we find an excellent theoreti¬ 
cal discussion, followed by a description of the various indicators, including for¬ 
mulas, melting point, and other physical properties, methods of purification, solubil¬ 
ity and pH range and their suitability for use under various conditions and with 
various solvents. A new definition of an indicator is proposed, i.e. “Indicators are 
(apparently) weak acids or bases, whose inogene or aci- (or baso-) form possesses 
a different color and structure than the pseudo or normal form.” 

The third section of the book, dealing with the colorimetric estimation of hydro- 
gen-ion concentrations, deals with the preparation and properties of buffer solutions, 
the technic of the colorimetric determination of hydrogen-ion concentration, the 
sources of error in the colorimetric methods, including an extended discussion of the 
effect of salts, proteins, and other colloids, temperature, etc., with the last chapter 
devoted to indicator papers. The book closes with an appendix of six tables showing 
the ion product of water at various temperatures, the ion activity product of water, 
the activity coefficient for various concentrations of electrolyte solutions, an exten¬ 
sive table of the dissociation constants of approximately one hundred and twenty 
acids and bases, including such compounds as the alkaloids, phenols, etc. (The 
reviewer wonders why the amino acids were omitted from such an imposing list, for 
they certainly are more commonly worked with than are many compounds included 
in the table), and an interpolation table for converting fractions of pH into C H 
values. Excellent author and subject indices close the volume. 

It is a book filled with valuable discussion and tabular data. The fact that other 
volumes on the determination of hydrogen-ion concentration are available should 
not deter one from purchasing this book, for it contains much material not otherwise 
readily accessible. It should be in every chemical library and in the hands of every¬ 
one interested in the control and measurement of hydrogen-ion concentration. 

Ross Aiken Gortner. 

Die Struktur der Atomkerne. By Dr. Siegmund Stransky. 22 x 15 cm.; 60 pp. 

Leipzig u. Wien: F. Deuticke, 1932. Price, 4s. 9 d. 

Dr. Stransky’s monograph on the structure of the nucleus is entirely original and 
entirely speculative. There is evidence in favor of the conclusions he draws but it 
is of a numerical kind, in which the numbers are confined rigorously to integers. 
He does not consider other theories of the subject he is writing about, and it is at 
once patent to a reader that little reconciliation is possible between Dr. Stransky’s 
views and the main corpus of knowledge that has been ground out of the research 
of the past twenty years. They lie, indeed, so far outside of the main stream of 
theory and experiment that I fear atomic physicists may fail to give them the patient 
consideration the author would like them to get. 

Dr. Stransky is a modern Prout, a Prout, moreover, who has had in his time the 
discouragement of a Newlands. He tells us that for forty-five years he has occupied 
himself at invervals in arranging units of mass (protons, they would now be called) 
in such patterns that the most likely of them sum to the masses of the common ele¬ 
ments, and that he has not always been able to get his work published. Like Prout 
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he has started from the assumption that protons are the stuff from which all matter is 
built. The new points are that the protons are probably arranged in the nucleus in 
hexagons or fused hexagons like the CH groups in benzene, naphthalene, phenanth- 
rene, and so forth, and secondly that the masses of the atoms of the elements of one 
particular group are based on one another. (For this purpose the subdivisions A and 
B of the groups of the Periodic Classification are ignored.) The atomic weights of 
copper and silver, for example, are based on those of lithium and the alkali metals. 
Just as naphthalene may be regarded as two benzenes less four carbon atoms, and 
picene as five benzenes less eight carbon atoms, so are heavy elements of a group so 
many times the masses of simple elements of the group less so many hydrogens. Thus 
Na, 23, is 4Li — 5, the atomic weight of lithium being taken exactly as 7, and Cs, 133, is 
6Na — 5; the reason for subtracting 5 in these cases is that when four or six “bon- 
zene-rings” of protons are joined together most compactly there are five points held 
in common, and consequently no protons there. Occasionally some latitude is al¬ 
lowed in deciding what arrangements are most compact, and the various alternative 
masses arrived at serve as the various isotopes of the element under consideration. 
Thus nine “bricks” of twenty-three protons can be simply arranged so as to have 
either eight or ten points of contact with the possibility that the element so built up 
can have two alternative masses differing by two units. Much of the book is occupied 
with diagrams showing the patterns in which the nuclei of the atoms of the different 
elements are arranged by Dr. Stransky. The simpler ones look like the diagrams of 
carbocyclic chemistry; the more complex resemble snow crystals viewed through a 
microscope. 

Dr. Stransky’s general theory may have been plausible in days when atomic 
w eights were thoughts be w hole numbers, or even in the early days of nuclear theory 
when the nucleus was regarded as built up of hydrogen protons, but the experimental 
work of F. W. Aston completely disposes of Prout’s hypothesis in any form. It is the 
helium nucleus which is the chiefest brick in the nucleus, with the proton and pos¬ 
sibly the neutron and the “demi-helion” as subsidiaries. None of these is any sort 
of arrangement such as Dr. Stransky postulates. The great importance of these 
ultimate units and the nuclei which are built from them at the present time is not 
that their masses are 4, 1,2, 133, etc., but that their masses are in excess or defect of 
integers to an amount which is a function of their closeness of arrangement in the 
nucleus. Further, Aston has shown that there is little evidence of what might be 
called a periodic arrangement of the nucleus akin to that of the planetary electrons 
in an atom; if there w'ere, one might deduce from the masses of the isotopes of tin 
those of the isotopes of lead by adding a constant amount, such as 88, to the masses 
of tin. To some degree this w orks, but it is not so universally applicable as to be 
regarded as an arrangement. 

If further considerations were needed to be quoted against Dr. Stransky’s theory, 
the experimental work on the discription of the nucleus which has been going on at 
Cambridge since 1919 would suffice. What is known of the nucleus from these ex¬ 
periments (and it is almost everything that is known) has no resemblance to Dr. 
Stransky’s speculations. 

Nevertheless Dr. Stransky has shown great ingenuity in his work. It is quite the 
best exposition of Troutism' that has appeared, and if it encourages others to begin 
a study of how the nucleus is built up from the real ultimate units, his labor will not 
have been altogether in vain. 

A. S. Russell. 

Chemische Technologie der Neuzeit. By O. Dammer. Second and larger edition, 

5th volume. 19.5 x 27.5 cm.; xvi -f 876 pp. Stuttgart: Ferdinand Enke, 1932. 

Price, bound RM.79, unbound RM.5. 
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This work deals with metals and alloys, and is one of those typical monuments of 
German industry and scholarship which not only demand but compel admiration. 
It begins with a good account of the technical methods of the preparation of alloys, 
and a comprehensive account of a formal phase rule treatment. 

The book is full of excellent photographs; the colored ones are especially note¬ 
worthy. 

From the point of view of the practical man the book is of the greatest interest. 
There are excellent photographs, for example, in the section on brass, of the serious 
technical defects which arise through the use of wrong temperatures. The references 
to the literature are numerous, and the reviewer, who has checked about twenty, 
has found them all correct. 

It is difficult to see how anybody interested in non-ferrous alloys can afford to be 
without this book. 

F. A. Freeth. 

V erdffentlichungen aus dem Kaiser Wilhelm-Inslitut fur Silikalforschung in Berlin - 

Dahlem. Edited by Wilhelm Eitel. 29 x 21 cm.; 212 pp. Brunswick: Friedr. 

Vieweg und Sohn, 1932. Price RM.28. 

The proceedings of this active Institute again cover a wide range. Working as it 
does in close cooperation with the silicate industries, it hate been found necessary to 
widen the scope to include the study of the heat balance in technical processes, such 
as the manufacture of Portland cement. In this connection a description is given of 
the new ‘LepoP kiln, which although of German design has so far been erected only 
in Spain and in Luxembourg. By the use of a preliminary roasting chamber utilizing 
the waste heat, the actual kiln is greatly shortened, and a very considerable economy 
of fuel is effected. Other work on cement includes a study of the setting time of mix¬ 
tures of Portland and aluminous cement, from which it appears that the properties 
of the mixtures are not additive. 

Glass problems fill the greater part of the volume. With the help of the German 
glass manufacturers, a set of tables of the properties of glass, taking into account 
some 2600 publications, is in course of preparation. These tables will include the 
chemical as well as the physical properties. Several communications deal with the 
removal of color from glass, especially by means of cerium. Cerium dioxide is su¬ 
perior for this purpose to manganese dioxide, but it will cause darkening by ultra¬ 
violet light if arsenic or bismuth be present. This effect is corrected by the addition 
of small quantities of sodium sulfate, and the mutual influence of these additions is 
worked out. In opal glass, the crystals producing turbidity are identified as cristo- 
balite, whatever the composition of the glass, although in fluoride glasses the pres¬ 
ence of minute crystals of sodium fluoride has also been proved. The hydrothermal 
synthesis of calcium silicates and the action of carbonic acid under high pressure on 
the silicates have been studied, one result being the preparation of definite carbonate- 
silicate glasses, containing as much as 20 per cent of sodium carbonate. This memoir 
includes an interesting series of quantitative experiments on the equilibrium between 
carbon dioxide and glasses. The flow of molten glass in the Owens machine is con¬ 
sidered theoretically, this paper to be followed by one in which the theoretical de¬ 
ductions are to be tested by an examination of the flow lines as shown by Schlieren. 

As in previous years, there are several descriptions of improved apparatus and 
experimental methods, and a few communications having only an indirect bearing on 
the silicate industries are included, such as a study of vanadium oxide sols and 
another in which the dehydration and rehydration of brucite is examined, it being 
shown that a new phase is formed, and not simply a pseudo-structure. The editor is 
to be congratulated on the quality of the work done under his direction, and on the 
excellent presentation of it in this handsome volume. 


C. H. Desch. 
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Determinations of the solubility of silver in mercury at various isolated 
temperatures have been reported by several investigators (5, 8, 17, 14, 12, 
15, 24), but Joyner (9) was the first to study the problem systematically. 
Several years ago Sunier and Hess (22) published some precise work on the 
solubility of silver in mercury over the range 80°C. to 200°C. Their re¬ 
sults agreed remarkably well with those obtained by Joyner, who used a 
rather crude method. Since that time Murphy (13) has published a com¬ 
plete phase diagram for the system silver-mercury. He was interested, 
however, in the composition of the solid phase and cites* the data of Sunier 
and Hess (22) for his liquidus curve at low temperatures. 

Since Joyner (9) is the only person offering systematic data below 80°C., 
(four determinations) and his data in this range of temperature pointed to 
a marked flattening out of the solubility curve below 50°C., it was thought 
advisable to extend the precise work of Sunier and Hess (22) below 80°C. 

MATERIALS 

The mercury used was first purified by dropping it through a five-foot 
Meyer column containing 6 N nitric acid and was then washed with dis¬ 
tilled water. The dried mercury was distilled in an all glass apparatus 
according to the method of Hulett and Minchin (7). Samples of this 
mercury yielded no weighable residue when evaporated according to the 
method of analysis of the amalgams in a stream of hydrogen. 

The silver used was “1000 fine” foil, kindly supplied by the Philadelphia 
Mint. This foil was used as the solid phase either directly or after treat¬ 
ment by methods described later in this paper 

APPARATUS 

The solubility tube used, a modification of the one used by Sunier and 
Hess (22) and similar to the tube used by Sunier and Gramkee (21), was 
made of Pyrex glass. It differed in size from that of the latter, as the 
smaller solubility necessitated the employment of larger volumes of mercury. 

The shaking mechanism differs little from that used by Sunier and White 
(23) with the exception that in one run a set of sixteen rather than eight 
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tubes were run at the same time. The apparatus brought about complete 
transfer of the contents of the tube from one end to the other by rotating 
it through an angle of sixty degrees. 

The tubes were immersed in a heavily lagged thermostat similar to the 
one described by Sunier and White (23). The bath was heated by elec¬ 
tricity and steam, and was provided with a copper cooling coil. In the 
early runs, manual control of the temperature was resorted to, but in 
later runs a mercury thermoregulator of the type described by Clark (1) 
was used. When manual control was used the constancy approached 
=fc0.02°C., while with the thermoregulator the temperature was held 
within the range of db0.01°C. 

Temperatures were read from mercury thermometers of the double 
diamond label manufactured by Hiergesell Brothers, and graduated in 
tenths of a degree. These thermometers were compared with thermome¬ 
ters standardized by the Bureau of Standards. The ice points were taken 
frequently but showed no change. Temperatures could be read to 0.02°C. 
with ease. Changes of temperature during the run were noted from a 
Beckmann thermometer inserted in the bath. 

The weights used were calibrated according to the method of Richards 
as described by Fales (4) and compared with a weight checked by the Bu¬ 
reau of Standards. 


EXPERIMENTAL PROCEDURE 

After the solubility tube had been washed with 6 N nitric acid and dis¬ 
tilled water, it was dried in an oven at 160°C. overnight or flamed with a 
Bunsen burner in a stream of air. The tube was then charged with 135 
to 155 g. of mercury in the manner described by Sunier and Gramkee 
(2) and two to three hundred per cent excess of the silver required at that 
temperature, using Joyner’s (9) data as a guide. The tubes were flamed 
and evacuated with a Cenco Hyvac pump to a pressure of 0.01 to 0.1 mm. 
of mercury read on a MacLeod gauge. 

To determine the solubility at a certain temperature a total of eight 
tubes was made up (16 tubes in Run N). The run was made in the 
manner described by Sunier and White (23), four tubes being rotated at 
5°C. above the solubility temperature preliminary to the insertion of the 
remaining tubes. 

Later in the research it became evident that equilibrium had not been 
attained in the time allowed, so that all of the tubes were inserted at the 
same temperature and rotated for periods of from eight to two hundred 
and fifty-six hours. 

Sampling was carried out m the manner described by Sunier and White 
(23). 

The method of analysis was that used by Sunier and Gramkee (21) in 
the analysis of gold amalgams. A large Pyrex tube with a ground glass 
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stopper, as shown in figure 1, was supported in an electric furnace. A 
mercury trap was provided to catch the condensed mercury swept through 
by the gas admitted at the opposite end. The capsules were supported 
on Sillimanite slabs, hence there was no possible contamination of evapo¬ 
rated mercury. 

In order to test the applicability of this procedure to silver amalgams, 
various experiments were carried out. It was found that the mercury 
used left no weighable residue when evaporated by this procedure. 
Weighed pieces of silver foil lost no weight when heated for periods of 
twenty hours at 550°C. in a stream of hydrogen. Mercury was placed on 
this foil and then driven off by heating at 270°C. to 300°C.; the residues 
were then heated to 550°C. for several hours. When air was used the 
residues were consistently several tenths of a milligram heavier than their 
original weight. This could not be due to silver oxide formed, for it would 



Fig. 1 . Evaporation Tube 


be unstable at the temperatures employed, according to the free energy 
relationships cited by Lewis and Randall (11). Owing to the finely 
divided condition of the crystallized silver, occlusion suggests itself as a 
possibility. Steachie (20) refers to the occlusion of gases on finely divided 
metallic surfaces. When hydrogen, purified by bubbling through satu¬ 
rated solutions of potassium permanganate, sodium hydroxide, and 95 
per cent sulfuric acid was used the residues came down to their original 
weight. 

To test the entire experimental procedure, eight tubes containing 
weighed quantities of silver and mercury were made up and carried through 
the entire procedure. The results of this experiment are tabulated in 
table 1. It is to be noted that the solubility of silver is much less than 
that of gold, so that, of necessity, much smaller residues must be weighed, 
and the amounts of mercury used must be much larger. Despite these 
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disadvantages, from the composition found, the average deviation was less 
than one part per thousand. 


TABLE 1 


TUBS 

SILVER TAKEN 

MERCURY 

TAKEN 

ATOMIC PER 
CENT TAKEN 

ATOMIC PER 
CENT FOUND 

DEVIATION 

1 

grams 

0 0912 

grams 

143 928 

0 

1177 

0 

1182 

parts per 
thousand 

4 2 

2 

0 0986 

147 909 

0 

1238 

0 

1228 

8 1 

3 

0 0877 

145 417 

0 

1120 

0 

1124 

3 5 

4 

0 0859 

143 349 

0 

1113 

0 

1122 

8.1 

5 

0 0949 

144 816 

0 

1217 

0 

1218 

0 8 

6 

0 0899 

145 311 

0 

1148 

0 

1142 

5 3 

7 

0 0940 

137 088 

0 

1273 

0 

1267 

3 9 

8 

0 0930 

145 897 

0 

1184 

0 

1179 

4 2 

Average *=* 

0 1184 

0 1183 

4 8 


Deviation of average composition *= 0 85 per 1000 


TABLE 2 
Run A 

Time of run 6 hours (low side-4 hours); temperature 40.11°C (high side-45.3°C.); 
silver—foil (mint); mercury—triple distilled. 


TUBE 

NUMBER 

SILVER AT 
START 

WEIGHT OF 
AMALOAM 

WEIGHT OF 
SILVER 

ATOMIC PER 
PER CENT OF 
SILVER 

DEVIATION 
FROM MEAN 

REMARKS 

A-l 

0 5 

grams 

142 991 

grann 

0 0880 

0 1144 

ppt 

5 


A-2 

0 5 

144 533 

0 0886 

0 1139 

0 


A-3 

0 5 

143 692 

0 0872 

0 1128 i 

11 


A-4 

0 5 

142 416 

0 0932 

0 1216 

X 

Exclude 

A-5* 

0 5 

146 070 

0 0896 

0 1140 

1 


A-6* 

0 5 

142 993 

0 0880 

0 1150 

11 


A-7* 

0 5 

143 285 

0 0879 

0 1140 

1 


A-8* 

0 5 

142 772 

0 0867 

0 1129 

10 



. Low side, 0 1137 

Average - High ^ Q JM0 

(3) 0 1139 

1 

5 per 1000 



Number of determinations, 7. 
* High side. 


EXPERIMENTAL RESULTS 

In table 2 will be found a sample table of data for one run. 

In table 3 will be found the table of data for Run N in which sixteen 
tubes were used and the solid phase varied as described later in this 
article. 




TABLE 3 
Run N 


Time of run 256 hours; temperature 25.28°C.; silver as noted; mercury—triple 

distilled.* 







ATOMIC 



TUBS 

SOLID 

WEIGHT 

WEIGHT 

WEIGHT 

PER CENT 

DEVIATION 


NUMBER 

PHASE 

OF SOLID 

OF 

OF 

OF 

FROM MEAN 

REMARKS 



PHASE 

AMALGAM 

SILVER 

SILVER 





grams 

grams 

grams 


p v t 


A-l 

Reed 

1 7 

144 951 

0 0606 

0 0777 

11 


A-2 

Reed 

1 6 

143 811 

0 0620 

0 0801 

35 


A-3 

Reed 

1 6 

146 676 

0 0685 

0 0868 

102 

Exclude 

Ex. 

Foil 

1 0 

155 377 

0 4891 

0 5841 

X 

No glass wool 

E-l 

Ag 8 Hg 4 

2 0 

140 474 

0 0631 

0 0835 

69 

Exclude 

E-4 

Ag 

1 0 

138 439 

0 3189 

0 4275 

X 

Filtered through 








chamois 

E-2 

Ag 8 Hg 4 

2 0 

141 603 

0 0570 

0 0748 

18 

Exclude 

E-3 

Ag 

1 0 

134 842 

0 0673 

0 0928 

162 

Exclude 

C-l 

AgjHg 4 

2 0 

143 694 

0 0695 

0 0899 

133 


C-2 

Ag*Hg 4 

2 0 

141 549 

0 0570 

0 0749 

17 ( 

No glass wool 

Poor vacuum 

C-3 

AgjHg 4 

2 0 

85 435 

0 0346 

0 0748 

18 


C-4 

Ag*Hg4 

2 0 

148 444 

0 0602 

0 0754 

13 


H-l 

Ag 

1 0 

143 853 

0 0703 

0 0908 

142 

Exclude 

H-2 

Ag 

1 0 

143 467 

0 0617 

0 0799 

33 


H-3 

Ag 

1 0 

144 120 

0 0593 

0 0765 

1 


H-4 

Ag 

n 0 

144 399 

0 0588 

0 0757 

9 


Average = 




0 0766 

21 1 per 








1000 



Number of determinations, 9. 

* With the exception of the tube marked Ex , column 1. 


TABLE 4 


RUN 

TEMPERATURE 

SOLUBILlT\ 

DEVIATION 

NUMBER OF 
TUBES 

TIME 


degrees C 


parts per 


hours 




thousand 



A 

40 11 

0 1139 

5 

7 

6 

B 

50 02 

0 1450 

4 

6 

7 

C 

60 26 

0 1901 

27 

8 

7 

D 

70 54 

0 2404 

32 

8 

7 

E 

30 15 

0 0965 

91 

8 

7 Definite trend 

F 

80 94 

0 2892 

4 

6 

7 

H 

19 01* 

0 0636 

6 

8 

8 

I 

29 93* 

0 0881 

13 

5 

9 

J 

8 92* 

0 0641 

64 

6 

9 

K 

25 60* 

0 0792 

14 

6 

78 

L 

18 17* 

0 0643 

10 

5 

75 

N 

25 28* 

0 0766 

21 

9 

256 


• All tubes approached saturation from the same side. 
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In table 4 will be found the summary of all runs. 

Figure 2 is a plot of the log of the solubility versus the reciprocal of the 
absolute temperature. The slope of the line was determined from a large 
scale plot and the line corresponds to the equation 

log N - ~ ~ - 8 + 0 5894 

Of a total of one hundred and twenty-eight determinations made, thirty- 
eight have been rejected. Of this apparently large number of rejected 


Cc/vr 

4e& c/03 3*40 6033 6404 



/ooo/r 

Fia. 2. The Solubility of Silver in Mercury 
Q Joyner; © Sunier and Hess; O DeRight. 

tubes, sixteen are accounted for by Runs G and M, where equilibrium was 
not attained. Of the remaining twenty-two excluded, four tubes were 
broken, three amalgams bumped during evaporation, and difficulty was 
experienced in the filtration of four tubes. Therefore only eleven tubes 
were excluded, merely because their deviation was greater than four times 
the average deviation. 
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DISCUSSION OF RESULTS 

It was realized at the inception of this investigation that, owing to the 
slight solubility of silver, it would be necessary to employ large tubes and 
to weigh the residues extremely accurately. After the completion of the 
blank run and the satisfactory results obtained, it was felt that little fur¬ 
ther difficulty would be experienced. 

The solubilities at temperatures above 40°C. were first determined. 
Although in some cases rather large average deviations were found, the 
determinations seemed to be in fair agreement, and when plotted fell on a 
straight line. The slope of this curve was somewhat less than that de¬ 
termined by Sunier and Hess (22). This change in slope is not unusual 
at lower temperatures. The determination at 80°C., which was the low¬ 
est temperature at which Sunier and Hess (22) made measurements, was 
in good agreement with their result. Furthermore, in the range of tem¬ 
perature above 40°C., the data was in agreement with that of Joyner (9). 

A hint of the difficulty present in the behavior of amalgams below 
40°C. was given by Joyner’s data. There was a marked break in the slope 
of his curve at 40°C. The slope of the curve at the lower temperatures 
approached zero. 

In Run E at 3(J.12°C. there was a marked discrepancy between the four 
tubes of the high side and those of the low side. This seemed to be a 
criterion that equilibrium had not been attained. A very marked dis¬ 
crepancy existed between the two sides in Run G at 19.85°C. This dis¬ 
agreement was so marked that this run was omitted from table 4. 

It was decided to make a second run near the temperature of Run G, 
rotating all eight tubes, from the low side, for eight hours (Run H) at a 
temperature of 19.01°C. This run yielded very satisfactory results, since 
all eight tubes gave an average deviation of only 6 p.p.t., a very low figure 
for such a small solubility. Furthermore the point, when plotted, showed 
no deviation from the straight line drawn in figure 2. 

Run E was repeated in the same manner in Run I. Unfortunately, two 
of the tubes were broken and a third excluded. The remaining five were 
in good agreement. 

Run J yielded a curious result. It was carried out in the same manner 
as Runs H and I. Although the six determinations retained were not in 
good agreement, their average deviation of 64 per thousand pointed to some 
regularity. The apparent solubility was greater than that obtained at 
20°C. and showed some agreement with Joyner’s results. 

The impression gained from a first reading of Joyner’s paper was that 
he had rotated his tubes in a constant temperature bath for periods of a 
fortnight. Upon closer inspection of his paper it was found that he had 
rotated his amalgams containing both silver and tin for the time indicated, 
but he made no specific statement of the time of rotation in the silver- 
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mercury system. Furthermore, he claims the solubility he obtained was 
the equilibrium of Ag 5 Hg 4 in contact with mercury, rather than of silver 
in contact with mercury. Murphy (13) states that silver amalgams at¬ 
tain equilibrium several times faster at 100°C. than at room temperature. 
Data is also available as to the rate of penetration of mercury into a silver 
surface at different temperatures (8). Therefore it seemed advisable to 
continue the runs at lower temperatures for longer periods of time. 

Run K was to continue for seventy-five hours to note any difference in 
the solubility obtained at 25°C. Likewise new mercury was used in two 
tubes to see if any error could creep in, owing to the use of mercury evapo¬ 
rated from previous runs. The results of this run were in fair agreement 
among themselves and the mean result fell very close to the straight line 
obtained at higher temperatures. 

Run L was a determination of the same type, at 18°C. Unfortunately, 
the contents of one capsule bumped, silver being transferred to two other 
capsules, so that it was necessary to exclude three values. The mean 
solubility obtained in this run was not in disagreement with previous runs, 
and fell on the straight line. This proved that the runs at 20°C. and 30°C. 
for a shorter period of time had practically reached equilibrium. 

Run M was to continue for one week in the hope that equilibrium at 
10°C. might be attained. This temperature was made possible through 
the use of a thermoregulator, cooling being brought about by pumping 
water from an auxiliary thermostat containing ice, through the copper 
cooling coil. In four of the tubes the solid phase consisted of silver which 
had been completely dissolved in mercury at a high temperature and then 
allowed to cool. The results of this run were very disappointing. There 
was too little agreement among the tubes to accord any credence to this 
determination. The four tubes, containing the solid phase mentioned 
above, filtered with great difficulty, the solid caking at the mouth of the 
capillary. Furthermore, the results showed a higher solubility than the 
other four, supporting the conviction that solid passed through with the 
liquid phase. Owing to the disagreement among the tubes this run was 
omitted from table 4. 

At this point in the research a critical survey was made of the fourteen 
previous runs, with a view toward detecting any errors in procedure and 
introducing any helpful innovation. The following changes in procedure 
suggested themselves: (I) variation of the form of the solid phase, (2) 
variation of the liquid phase, (3) design of the tubes, i.e., the method of 
filtering, (4) the time of shaking, (5) the number of tubes. 

Murphy (13), in his paper, states that equilibrium is much more readily 
reached when finely divided silver is used. Furthermore, it is to be noted 
that in the runs of Sunier and Hess (22) in which they obtained their small¬ 
est average deviation, silver filings rather than foil was used. Joyner claims 
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his data to be that of Ag 3 Hg 4 in equilibrium with mercury, and Murphy 
postulates the formation of this compound from the liquid phase at a 
higher temperature. It was decided to make use of this solid phase to 
explain the behavior of the amalgams. 

The design of the tube would be rather dependent on the type of solid 
phase used. The use of glass wool above the capillary filter, or filtration 
through sintered glass, suggested themselves. A method of double filtra¬ 
tion or decantation was considered, but did not appear to be applicable as 
finely divided silver, when wet with mercury, seemed to be dispersed 
quite uniformly throughout the liquid phase. The use of glass wool 
above a very fine capillary was deemed the most logical procedure. 

An identical tube support was made so that sixteen tubes might be run 
at the same time. 

The supplementary Run N was then made. A temperature of 25°C. 
was chosen because it could be easily attained and would establish the 
validity of the data to 20°C. The tubes used were identical with those 
previously used, with the addition of glass wool above the capillary. Al¬ 
though no objection to the use of the evaporated mercury could be found, 
it was decided to use new mercury. The time of shaking was increased to 
two hundred and^fifty hours and sixteen tubes were used. Three distinct 
solid phases were used. 

(1) Mr. G. H. Reed, 1 working in this laboratory several years ago on the 
solubility of silver in mercury at higher temperatures, made up several 
tubes containing silver and mercury. One of these tubes had been care¬ 
fully preserved, but for some reason had not been analyzed. The silver 
had been in contact with the mercury for several years at room tempera¬ 
ture. When opened, the solid phase was granular and brittle and retained 
none of the characteristics of the original foil. When all of the excess 
mercury was squeezed from the solid through a chamois, and a portion 
analyzed, it was found to have a composition approximating Ag 3 Hg 4 . 

(2) Since Murphy cites the formation of Ag 3 Hg 4 , it was decided to at¬ 
tempt to prepare this compound. Weighed amounts of silver and mer¬ 
cury in the proportion of Ag 3 Hg 4 were sealed in a tube and evacuated; 
the tube was so constructed that, by inversion, the contents could be trans¬ 
ferred from one end to the other through a capillary. This acted as a 
criterion when the contents were entirely liquid. This tube was heated 
at 250°C. for forty hours, then raised to 500°C. and the contents filtered 
three times at intervals of one hour, thus insuring homogeneity of the 
contents. The tube was then cooled to 300°C. and held for twenty-four 
hours, cooled to 250°C. and held for fifty hours, and kept in an oven at 
100°C. until introduced into the tubes. The contents of the tube were 
entirely solid, and had a bright crystalline appearance. 

i See footnote (a), Sunier and Hess (22). 



414 


Robert e. deright 


(3) Finely divided silver was prepared in a manner similar to that de¬ 
scribed by Tartar and Turinsky (25), who refer to Lewis (10). Some modi¬ 
fications were made. The silver employed was the “1000 fine” foil, and 
c. p. chemicals were used. The silver carbonate was heated in a stream 
of hydrogen at 250°C. to 300°C. for six hours, and then raised to 500°C. 
until there was no further loss in weight. 

The temperature throughout the run was very constant, the thermoregu¬ 
lator being used. Two tubes were broken at the inception of the run. 
The contents of one was transferred to a tube with no glass wool, but 
yielded a very high result. The contents of one tube refused to filter, so 
they were removed and quickly squeezed through a chamois skin. The 
very high silver content obtained in this case is of significance. 

The average solubility obtained from this run agreed very well with the 
straight line plot, hence establishing the straight line function to 25°C. 
or lower. Furthermore, the different variables used seemed to clear up 
any question of variable phases employed. 

A consideration of available data leads one to some interesting specula¬ 
tions. First of all, the term “solubility” must be defined. Richardson (18) 
states, “a solution is a body of homogeneous character, the composition of 
which may be varied continuously within certain limits.” Lewis and 
Randall (11a) give a more fundamental definition. Definitions may vary 
but the idea of homogeneity is always retained. Next the criterion of 
homogeneity must be defined. In ordinary aqueous or organic systems, 
this idea is overlooked, for the appearance of the solution is an immediate 
criterion. A cloudy or translucent appearance postulates a colloid sol, 
while a clear appearance is evidence of a real solution. The effect of light, 
then, is the means of classification in these systems. In the mercury sys¬ 
tem, the opacity prevents determination of the clearness, so that the 
amount of material that passes through the filter in the liquid phase has 
been a criterion of solubility. Too little attention has been paid to the 
size of the filter or conditions of filtration, i.e., pressure. 

It is this fact that may account for the many discrepancies in data re¬ 
ported. Russell (19), working on amalgams other than silver and gold, 
reports some interesting findings. His method of analysis relies on the 
preferential oxidation of metals less noble than mercury, by shaking the 
amalgam with a solution of potassium permanganate. In one study he 
filtered identical amalgams through a Jena glass sintered filter and through 
chamois skin. He found the use of the chamois skin very unreliable, the 
apparent solubility inconstant and several times larger than when filtered 
through the sintered glass filter. This is in agreement with the result ob¬ 
tained when a chamois skin was used in Run N. A large majority of the 
excluded determinations in this paper have been “high.” 

Until there is some method of determining a homogeneous phase, other 
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than filtration, the term “solubility” in a metallic system has a limited 
meaning, for particles may vary in size from atomic proportions to large 
aggregates. If this is true, and there is not a sharp gradation, solubility 
will be dependent on the conditions of filtration. Apparently, in the silver- 
mercury system, there is a distinct difference in size of silver particles above 
40°C., while below that temperature there seems to be a gradual gradation. 
It seems, therefore, that the greatest credence should be accorded to the 
lowest results, provided that enough time has elapsed for equilibrium to 
be reached. 

There is a possibility that a measurement of the light reflected from an 
amalgam, or some other optical means may be used by which homogeneity 
may be determined. 


SUMMARY 

1. Amalgams as dilute as 0.06 atomic per cent have been prepared, and 
analyzed with a precision approaching one part per thousand. 

2. One hundred and twenty-eight determinations of the solubility of 
silver in mercury in the range 20°C. to 80°C. have been made. 

3. Several forms of silver and intermetallic compounds have been used 
as the solid phase. 

4. In the range of temperature from 20°C. to 80°C. the solubility changes 
according to the equation 


i "* 1105 8 , n roft/i 

log N = — J, -h 0 5894 

5. The relation of the term “solubility” to particle size has been briefly 
discussed. 

In conclusion the writer wishes to express his sincere appreciation to 
Professor Arthur A. Sunier who has so inspiringly and unselfishly directed 
this research. 
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THE DETERMINATION OF THE ISOELECTRIC POINT 
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The isoelectric point may be calculated as outlined by Kuhn (1) and 
Simms (2) from the basic and acidic ionization constants of the oxide. 
These constants are often unreliable. This electrometric method is sug¬ 
gested as a means of measuring the isoelectric point of an amphoteric oxide. 

MATERIALS AND APPARATUS 

A. Mercuric oxide. One of the best grades of commercial oxides, red 
variety, was used. Half-cells containing this commercial form of mercuric 
oxide gave potentials which agreed to within 0.0001 volt with half-cells 
containing red mercuric oxide prepared by decomposing purified mercuric 
nitrate. 

B. Lead oxide, red variety, was precipitated from a hot 12 normal 
solution of potassium hydroxide, as described by Smith and Woods (3) 
by adding powdered lead acetate to the hot alkali. The oxide was washed 
by decantation with hot 10 normal potassium hydroxide, then washed 
thoroughly and repeatedly with hot distilled water, and dried over sulfuric 
acid in a vacuum desiccator. Analysis for lead, according to the gravi¬ 
metric method of Brown, Moss, and Williams (4) gave 99.7 per cent of 
PbO. A small amount of water was evolved when the oxide was heated 
strongly. 

C. Lead oxide, hydrated, was precipitated from a dilute lead acetate 
solution by the addition of a dilute solution of potassium hydroxide at room 
temperature. The precipitate was washed by decantation with warm 
distilled water and dried over sulfuric acid in a vacuum desiccator. Analy¬ 
sis gave the ratio of hydroxyl to lead as being very close to 2:1, showing the 
absence of a basic salt. The per cent of lead was 89.77, which agrees well 
with Mueller (5) who found 89.75 per cent and represented the composition 
of the oxide by the formula (Pb0) 3 H 2 0, which requires 90.40 per cent of 
lead. 

D. Potassium hydroxide solution was prepared as described by Ming 
Chow (6). A 50 per cent solution of one of the best grades of potassium 
hydroxide was electrolyzed in a tall form beaker, using a large sheet of 
platinum foil (8 X 10 cm.) for the anode and about 2 kilograms of re- 
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distilled mercury for the cathode. The beaker was covered and the 
mercury was stirred during electrolysis. A current of 10 to 15 amperes 
was passed through until the amalgam had become so crystalline it could 
no longer be stirred. It was washed several times with distilled water, 
then transferred to a 3-liter flask, and washed a few more times in the 
absence of carbon dioxide. The flask was then filled with distilled water 
and connected with a filtering tube and another flask. After about two 
weeks the amalgam had decomposed and the solution was filtered through 
an asbestos filter. The filtering tube was removed and a carbon dioxide 
trap, which permitted filling of a weight buret, was attached. The solution 
at no time gave a test for carbonate. The molality of the solution was 
determined by titrating with hydrochloric acid, standardized against 
sodium carbonate, and also by titrating against benzoic acid. Weight 
burets were used in these titrations. Solutions containing 0.1 mole of 
potassium hydroxide per thousand grams of water, were made up gravi- 
metrically and the more dilute solutions made by diluting these, using cali¬ 
brated pipets and volumetric flasks. 

E. Doubly distilled water, distilled in an all Pyrex still, first from 
alkaline permanganate and then redistilled from the clean still, was used. 
It was kept in 5-gallon bottles and was protected from the carbon dioxide 
of the air. 

Saturated solutions of the oxides were made in 200-ml. round bottomed, 
long necked flasks, fitted with ground glass stoppers and provided with 
rubber caps to prevent carbon dioxide from working past the ground glass 
stoppers. These flasks were almost filled with solvent, an excess of the 
solid oxide added, and then shaken in a constant temperature air bath at 
25.0 ± 0.2°C. 

Electrode vessels were kept in a thermostat bath at 25.00 dt 0.05°C. 

Each half-cell consisted of a Pyrex test tube with a side arm, and a tube 
sealed on at the bottom and bent upward, carrying a smaller tube with a 
platinum wire sealed in at the lower end. It was stoppered with a rubber 
stopper coated with stopcock grease in order to prevent carbon dioxide 
from entering. 

The side arms of the cells were dipped in a beaker containing the same 
solution that was in the cells, and covered with a layer of paraffin to prevent 
evaporation. 

The only electrode vessel which presents enough novelty to warrant 
showihg in a diagram, is the vessel shown in figure 1. This cell makes 
possible the measurement of potentials in very dilute solutions, even less 
than 0.0001 molal. The rate of diffusion in this vessel was tested with a 
dilute potassium permanganate solution. A number of days were re¬ 
quired for the permanganate to diffuse from the right half into the left half 
of the cell. 
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All potentials were measured with a Leeds and Northrup type K poten¬ 
tiometer. The standard cell was checked frequently against a new cell, 
checked by the Bureau of Standards. 

EXPERIMENTAL PART 

The rate of solubility and nature of a solution of lead oxide, as given in 
the literature, is so uncertain that a few investigations were carried out in 
connection with this problem. 

Randall and Spencer (7) determined the solubility of three lead oxides 
in alkaline solutions, ranging in concentration from about 0.05 to 0.3 
molal. They claimed that in order to obtain saturated solutions of lead 


TABLE 1 

Rate of solubility of (PbO)>H a O in water 


TIME OF STIRRING 

[ 

MOLES OF Pb IN 1000 GRAMS OF SOLUTION 

5 minutes 

5 50 X 10~ 4 

15 minutes 

5 75 X 10 

50 minutes 

5 78 X 10~ 4 

4 hours 

5 76 X 10" 4 

24 hours 

5 72 X 10~ 4 

* 



TABLE 2 


Rate of solubility of PbO (red) in approximately 0A molal KOH solution 


TIME OF 8TIRRING 

MOLES OF Pb IN 1000 GRAMS OF SOLUTION 

20 minutes 

3 897 X 10-* 

3 hours 

4 193 X 10~* 

7 hours 

4 356 X 10-* 

25 hours 

4 417 X 10-* 

48 hours 

4 429 X 10~ a 

122 hours 

4 425 X 10-* 


oxide, red variety, it was necessary to shake mixtures containing an excess 
of solid oxide for from twenty to fifty days. They shook the hydrated 
oxide, (Pb0) 3 H 2 0, for from five to thirty days. 

We determined the rate of solubility of hydrated oxide in pure water, 
and the rate of solubility of red oxide in approximately 0.1 molal potassium 
hydroxide solution, by adding about 3 g. of the solid oxide to about 2 
liters of the solvent contained in a 3-liter conical flask, fitted with a stirrer 
equipped with a vaseline seal to exclude carbon dioxide, a filter tube con¬ 
taining an asbestos filter, which permitted withdrawal of samples while the 
solution was being stirred, and an inlet tube connected with a source of 
carbon dioxide-free air. Stirring was just vigorous enough to keep the 
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major portion of the solid oxide suspended in the solvent. Samples were 
withdrawn through the asbestos filter at various intervals from the time 
stirring was started and were analyzed for lead. The results of the meas¬ 
urements are given in tables 1 and 2. 

From the above measurements it would appear that saturated solutions 
of the hydrated oxide can be obtained in a few hours, and saturated solu¬ 
tions of the red oxide in a few days. The hydrated oxide was shaken for 
at least twelve hours and the red oxide for from seven to ten days. 



Fig. 1 


In order to determine the basic characteristics of lead oxide and perhaps 
give a better idea of the nature of the solution, concentration cells of the 
type 

Hg - HgO ( .) - KOH || H,0 - PbO ( „ - HgO ( .) - Hg 

were set up and measured in electrode vessels of the type shown in figure 1. 
The electrolyte in the right half-cell consisted of a saturated solution of 
lead oxide in water, while the electrolyte in the left half-cell consisted of 
potassium hydroxide solution. 

The reaction in such a cell, when an electron current flows through the 
cell from right to left is 


Hg + 20H- HgO + HiO 
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in the left half-cell and 


HgO + 2H 2 0 Hg + 20H- 

in the right half-cell. The total change is the formation of OH~ in the 
right half-cell and consumption of OH“ in the left half-cell. The E of 
this cell must then depend upon the activity of the hydroxide ion in the two 
half-cells. The molality of the potassium hydroxide was varied and the 
E of the cell measured. When E is zero, the activity of the hydroxide ion 
in the two half-cells must be equal. This must be almost the same as the 
molality of the potassium hydroxide when the measured E is zero. Under 
these conditions the liquid junction potential will be very small. 


TABLE 3 

E M.F . of cells Hg - HgO ( .) - KOH || HiO - Pl>0< #) - IIgO (#) - Hg 


MOLAIITY OF 
’OTABSIUM HYDROXIDE 

E a 

E b 

AVFKAGE E OF C* LL 

0 0010 

0 0460 

0 0435 

0 0443 

0 0004 

0 0260 

0 0255 

0 0257 

0 0002 

0 0003 

0 0004 

0 0004 

0 0001 

-0 0135 

-0 0165 

-0 0150 


TABLE 4 

E M F of cells Hg - HgO (0 - KOH || H 2 0 - (Pb0) 3 H 2 0 (i) - HgO,„> - Hg 


MOLALITY OF 
POTASSIUM HYDROXIDE 

E a 

E b 

AVERAGE E OI CI-LI 

0 0010 

0 0280 

0 0190 

0 0235 

0 0004 

0 0088 

0 0090 

0 0089 

0 0003 

0 0007 

0 0009 

0 0008 

0 0002 

-0 0068 

-0 0075 

-0 0072 


That mercuric oxide is such a weak base as to have no effect on the 
alkalinity was demonstrated by measuring the E of the cell. 

Hg - HgO (0 - KOH (0 001 M) || H 2 0 - IIgO (0 - Ilg 

This cell gave a value of about 0.24 volt, which proves that the mercuric 
oxide in the right half-cell was not basic enough to interfere with the basic 
properties of lead oxide. By plotting the measured E of the cell against 
the logarithm of the molality of potassium hydroxide, a straight line is 
obtained which cuts the zero line when the activity of OH~ is the same 
throughout the cell. 

In all measurements, a cell will be called positive when there is a tend¬ 
ency for an electron current to flow through the cell from right to left. 
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The data for this series of cells are given in table 3. By interpolation E 
is zero when log of molality of potassium hydroxide is —3.735. This 
gives the molality of potassium hydroxide as 1.84 X 10“ 4 and therefore the 
activity of the hydroxide ion in the lead oxide is 1.84 X 10~ 4 . 

A similar series of measurements, table 4, was made with the hydrated 
oxide, (Pb0) 3 H 2 0. 

By interpolation the activity of the hydroxide ion in the hydrated lead 
oxide solution is 2.82 X 10~' 4 . If this comes from the primary basic ioniza¬ 
tion of the oxide, it is possible to combine this data with the solubility data 
in table 1 and calculate the primary basic ionization constant of lead oxide. 
The activity of the lead ion in such a solution can be estimated from the 
value —0.122 volt for the Pb—Pb ++ (a = 1) electrode as given in Gerke's 
(8) compilation of electrode potentials, and the value —0.508 volt for the 
Pb—PbO<,) — OH“ (a = 1) electrode as measured by Smith and Woods 
(3). By substituting these values in the equation 


we get 


E 


„ 0.0592 , aPb ++ 

*> + n lo « —r- 


log acPb ++ 


-2 

0.0592 


(0.580 - 0.122) 


otPb ++ - 3.2 X 10-“ 


when aOH~ is unity, and the solution is saturated with lead monoxide 
(red). The solubility of the hydrated oxide is of the same order as the 
solubility of the red oxide, and we can assume that the product aPb ++ X 
aOH~ in a (Pb0) 3 H 2 0 solution is a number of the order of 3.2 X 10“ 18 . 
When «OH~ is 2.82 X 10~ 4 as given above, aPb++ must be about 10“ 8 , 
which is so small that the secondary ionization of the oxide need not 
be considered. The ionization constant for the primary ionization 
PbO• x H 2 0 <=> PbOH+ + OH” is 

atPbOH* x «OH- 
aPbO • x H*0 

aPbOH* - aOH- - 2.82 X 10~ 4 


aPbO • x HjO - 5.75 X 10~ 4 - 2.82 X 10” 4 - 2.93 X 10" 4 


K 


2.82 X 10~ 4 • 2.82 X 10~ 4 
2.93 X 10“ 4 


2.7 X 10~ 4 


The above measurements and calculations indicate that a solution of 
lead oxide is a true solution, having an ionization constant characteristic 
of a moderately weak base. 
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In order to investigate the amphoteric properties of lead oxide and to 
determine its effect upon the reference electrode, a number of cells of the 
type 


Hg - HgO (0 - KOH || KOII - Pb0 (O - HgO (0 - Hg 


were measured. The molality of the potassium hydroxide was the same in 
each half-cell. These are concentration cells similar to the cells in the 

TABLE 5 


E M F. of cells Hg - Hg0 (O - KOH || KOH - PbO ( ,) - HgO (0 - Hg 


MOLAIITY OF 
POTAS8IUM HYDKOXIDF 

E a 

E h 

A\ ERAOE E OF CELL 

0 0200 

0 0035 

0 0036 

0 0036 

0 0100 

0 0017 

0 0018 

0 0018 

0 0075 

0 0016 

0 0016 

0 0016 

0 0060 

0 0014 

0 0015 

0 0015 

0 0055 

-0 0006 

~0 0005 

-0 0006 

0 0050 

-0 0027 

-0 0021 

-0 0024 

0 0010 

-0 0070 

-0 0065 

-0 0068 



previous series and the E of the cells will be zero whenever the lead oxide 
acts equally as an acidic and by sic oxide. The data are given in table 5 
and the graph in figure 2. 

The data in table 5 prove that in this range of alkalinity, the addition of 
red lead oxide does not destroy the reproducibility of the electrode. At 
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concentrations of potassium hydroxide greater than 0.02 molal, the po¬ 
tentials showed a greater variation. The molality of potassium hydroxide 
at which the E curve cuts the zero line, read from figure 2 as 5.6 X 10“ # 
is called the isoelectric point of the oxide. 

SUMMARY 

The rate of solubility and the amphoteric properties of lead oxide have 
been studied, and a general method for measuring the isoelectric point of 
an amphoteric oxide has been suggested. 
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CERTAIN PHYSICAL PROPERTIES OF DIVINYL ETHER 

FRANCIS T. MILES and ALAN W. C. MENZIES 
Frick Chemical Laboratory, Princeton University, Princeton, New Jersey 
Received February 16, 1988 

Divinyl ether has recently (1) been proposed as an anesthetic. A knowl¬ 
edge of some of its physical properties, and especially of its vapor pressures, 
was obviously desirable, and a study of certain of these properties is here 
recorded. 


THE MATERIAL USED 

A method of preparation of this substance has recently been worked out 
by Ruigh and Major (2) in the Laboratory for Pure Research of Merck 
and Company, Inc. They suggested the present work, and we are in¬ 
debted to them for a sample of their purest product, it being the middle 
fraction, boiling over a range of 0.02°C., of a freshly prepared and purified 
batch of over a liter. These investigators show (2) that the product ob¬ 
tained by earlier workers has been of lower purity. 

VAPOR PRESSURE MEASUREMENT 

This was carried out by the static isoteniscope (3) method of Smith 
and Menzies. The pressure gauge consisted of a U-form Pyrex glass tube 
of 13-mm. bore, containing triple-distilled mercury, one limb of which 
was evacuated to a pressure of less than 0.01 mm. of mercury as measured 
by a McLeod gauge. The mercury levels were read off against a vertical 
mirror by means of a truly horizontal hair line ruled on a glass microscope 
slide fixed in a carrier which could slide the whole length of a graduated 
vertical steel bar 2\ meters long. The graduation of this bar is nowhere in 
error by over 0.01 mm. The reduction of the pressure readings to milli¬ 
meters of mercury at 0°C. and g = 980.66 was carried out as described 
elsewhere (3). At Princeton, g = 980.18. 

Temperature measurement above 0°C. was made by a mercurial ther¬ 
mometer graduated in tenths of a degree and certificated at the Reichsan- 
stalt to the nearest ±0.02°C. at each 10°C. interval. The ice-point of 
this thermometer was of course redetermined. Below 0°C. another ther¬ 
mometer graduated to tenths was used, and its readings were corrected, 
through the courtesy of a colleague, by comparison with a platinum re¬ 
sistance thermometer whose readings are believed good to hundredths of 
a degree. 
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The temperature bath was a 4-liter beaker, containing either water or 
else carbon tetrachloride, adequately stirred by a rotating vertical shaft 
carrying three propellor-like agitators. By adding solid carbon dioxide 
the temperature could readily be lowered to — 20°C. 

In preparing the isoteniscope, we took due precaution to remove, by 
heating and exhausting, the moisture film from the surface of the glass. 

TABLE 1 


Vapor pressures of divinyl ether determined experimentally 


OBSERVATION 

NUMBER 

T 

(observed) 

PRFSSURB 

(obwved) 

T 

(calculated) 

Tobt — T c a\c 

1 

degrees C 

— 19 70 

mm 

85 7 

-19 673 

- 027 

2 

-19 69 

86.0 

-19 610 

- 080 

3 

-16 55 

101 5 

-16 595 

045 

4 

-16 19 

103 5 

-16 235 

045 

5 

-10 02 

143 7 

-9 986 

- 034 

6 

-9 18 

150 0 

-9 142 

- 038 

7 

-0 39 

230 0 

-0 373 

- 017 

8 

-0 04 

233 4 

-0 060 

020 

9 

4 06 

282 4 

4 089 

- 029 

10 

13 58 

426 6 

13 608 

- 028 

11 

14 01 

433 9 

14 017 

- 007 

12 

14 39 

440 5 

14 382 

008 

13 

20 22 

557 2 

20 205 

015 

14 

20 22 

557 5 

20 218 

002 

15 

20 56 

564 0 

20 513 

047 

16 

20 65 

566 7 

20 635 

015 

17 

21 45 

584 7 

21 434 

016 

18 

21 79 

592 8 

21 787 

003 

19 

21 88 

595 8 

21 917 

- 037 

20 

22 25 

602 9 

22 223 

027 

21 

23 66 

636 5 

23 636 

024 

22 

28 35 

759 2 

28 322 

028 

23 

28 64 

767 0 

28 600 

040 

24 

35 31 

971 1 

35 183 

127 

25 

35 64 

985 2 

35 597 

043 

26 

43 74 

1294 2 

43 693 

.047 

27 

43 77 

1296 2 

43 741 

029 

28 

43 91 

1311 5 

44 101 

- 191 

29 

49 33 

1551 0 

49 361 

- 031 

30 

49 56 

1565 7 

49 664 

- 104 


EXPERIMENTAL RESULTS OF VAPOR PRESSURE MEASUREMENT 

These are tabulated in table 1, in which the first three columns are self- 
explanatory. 

In order to obtain a smooth curve through our experimental points, we 
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chose a three-constant equation of the Rankine-Kirchoff-Dupr6-Hertz 
type, and evaluated the constants as follows: 

2085 11 

log,oPmm - 21 73592 - —- 4.81530 logwT.b, (M) 

1 ab* 

The fourth column in table 1 shows the temperatures calculated for the 
observed pressures by means of this equation. The fifth column serves 
to show (1) the closeness of fit, since the algebraic sum of the differences 
between calculated and observed temperatures is 0.042°C., and (2) the 
degree of consistence of the observations, for the sum of all the differences, 
each taken as positive, divided by the number of observations is 0.040°C., 
which may be considered as the average error of a single observation. 

TABLE 2 


Vapor pressure of divinyl ether calculated from equation M 



0 

2 

4 

6 

8 

-30 

Ifi 8 s 





-20 

U I s 

76 l 7 

67 0° 

69 6* 

59 8® 

-10 

143 6 

129 5 

116 6 

104 8 

94 O' 

-0 

234 1 

213 0 

193 5 

177 5 

158 9 

0 

*234 1 

256 8 

281 3 

307 6 

3? 5 9 

10 

366 3 

398 8 

433 6 

470 8 

5L‘ 5 

20 

552 7 

597 7 

645 4 

696 4 

750 2 

30 

807 3 

867 8 

931 6 

999 1 

1070 

40 

1145 

1224 

1307 

1395 

1486 

50 

1582 

1688 

1788 

1898 

2014 

60 

2184 






Extrapolated values are in italics. 


Table 2 shows the vapor pressures of divinyl ether as calculated by equa¬ 
tion M for each 2°C. interval from -30°C. to +60°C. We have extra¬ 
polated values for 10°C. beyond each end of our experimental range, and 
show these extrapolated values in italics. We publish these pressure values 
for such small steps of temperature so that interpolation, using p and t as 
variables, can be made directly without exceeding the experimental error 
of the observations. 

The normal boiling point of divinyl ether, according to equation M, is 
28.35°C. ±0.04°. This is in concordance with the normal boiling point, 
28.3°C. zb0.2°, reported by Ruigh and Major. 

DttHRING’s, AND RAMSAY AND YOUNG'S RULE WITH ETHYL ETHER AS 
COMPARISON SUBSTANCE 

Before the present measurements were made, Ruigh had obtained 
approximate values for the vapor pressures of divinyl ether by comparison 
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with diethyl ether. For very closely analogous substances, the ratio 
T V /T E of the absolute temperatures at which two substances, V and E, 
have the same vapor pressure should remain approximately constant. 
At the normal boiling point, this ratio for vinyl and ethyl ethers is 301.45/ 
307.54 or 0.9802. If this ratio is used, employing the values for ethyl 
ether found in International Critical Tables, the temperature discrepancy 
from our values for divinyl ether for the pressure 112.3 mm. is — 0.50°C. 
and for the pressure 1277 mm. is +0.12°C. Therefore, not the Diihring 
but rather the Ramsay and Young equation 


Tk 

Tb 


T\ 

r B 


+ c(T'b - Tb) 


is to be preferred, where c = 0.00003. 


DENSITY AND SPECIFIC VOLUME 

It is well-known that for ranges of temperature sufficiently removed from 
the critical temperature, the change of specific volume of a liquid with 
temperature may be represented satisfactorily by a quadratic equation in 
t, measured from a convenient point. For ethyl ether, such an equation is 
said in I. C. T. to represent the facts in the range 0°C. to 70°C. to one part 
in ten thousand. For our purposes, therefore, it was sufficient to measure 
the density of divinyl ether at three known temperatures near 0°, +13°, 
and +25°C. This we did by means of a dilatometer. From the values 
so obtained, we determined the three constants in the following equation: 


di - Id. + 10- J a-(t - t.) + ( t - t.) 2 ] ± 10' 4 -A (D) 

in which t « = 0°C. 

d, = 0.79601 
a = -1.14582 
0 = -2.5706 
A = 2. 


LATENT HEAT OF VAPORIZATION 

True values for this can be obtained from the Clapeyron equation, pro¬ 
vided dp/dt and the specific volumes of both vapor and liquid are known. 
Although equation M above is an empirical equation, it nevertheless repre¬ 
sents accurately the experimental facts, and we can, therefore, obtain true 
values of dp/dt by its use. We had already measured the densities of 
the liquid. It was, therefore, necessary to measure experimentally only 
the specific volume of the vapor. It is frequently forgotten that values 
obtained upon the assumption that a saturated vapor follows the simple 
gas laws may be in error by several per cent. Because the instability of 
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divinyl ether makes it a difficult subject for precise vapor density work, 
we have contented ourselves with reporting its orthobaric density only at 
one temperature, the normal boiling point. The measurements were made 
in a 100-cc. bulb sealed to a graduated capillary in which the condensed 
liquid portion could be measured with an accuracy of ±0.03 per cent. The 
total content of divinyl ether in the apparatus was obtained by direct 
weighing. The orthobaric density of the vapor thus found was 0.002994 
±0.5 per cent, a mean of two observations. This value is 5.7 per cent 
higher than the value computed by the simple gas laws. 

Substituting in the rigid Clapeyron equation the experimental values 
thus found, we obtain 6260 and 89.4 calories as the latent heat of vaporiza¬ 
tion of divinyl ether at 28.35°C., per mole and per gram respectively, with 
an accuracy of ±0.5 per cent. 

trouton’s constant 

The value just reported yields 20.8 for this constant, as compared with 
20.8 for diethyl ether using Mathews’ (4) value for the latent heat of 
vaporization. 

Hildebrand’s constant 

It will be recalled that Hildebrand (5) found steadier constants than 
those given by Trouton’s rule when he considered entropies of vaporiza¬ 
tion for series of liquids at temperatures chosen to yield vapors of the same 
concentration rather than the same vapor pressure. Using the concen¬ 
tration where log T — log p = 0.5, as in an example studied by Hildebrand, 
we find that, for divinyl ether, the appropriate temperature is near — 21°C. 
and the constant is 14.2 instead of Hildebrand’s standard or average value 
13.7. Using Taylor and Smith’s (6) values for the vapor pressure of di¬ 
ethyl ether, we find a value of 14.0 for Hildebrand’s constant, calculated 
likewise for the above concentration, which is reached near — 17°C. 

SUMMARY 

The vapor pressures of divinyl ether are reported in the range — 30°C. 
to 60°C. 

An equation is given relating experimental values of the density of the 
liquid to temperature. 

The latent heat of vaporization at the normal boiling point is evaluated 
from the vapor pressure curve with the help of an experimental determina¬ 
tion of the orthobaric volume of the vapor. 

The constants of Trouton and Hildebrand are evaluated under standard 
conditions. 
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ARE LIQUID SODIUM AMALGAMS COLLOIDAL? 

A Discussion op the Paper of Paranype and Joshi 
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Received February 5, 1933 

A recent issue of This Journal (I) contains an article by Paranype and 
Joshi which presents arguments purporting to show that sodium amalgams 
are colloidal in nature and that as such their properties depend on the 
method of preparation and treatment as well as on the concentration. If 
the conclusions of these authors are correct, most of the experimental data 
on sodium amalgams, and by implication the data on all of the alkali metal 
amalgams, become of doubtful value since in most cases the physical method 
of handling the amalgams has not been considered a significant factor. It 
would seem, therefore, worth while to analyze carefully the arguments of 
Paranype and Joshi and to present further evidence as to the nature of 
these solutions. 

Two questions have been raised by Paranype and Joshi. First, does the 
method of preparing an amalgam affect the physical properties or is it 
sufficient to know the concentration, temperature, and pressure? Second, 
are sodium amalgams colloidal solutions? The answer to the first question 
does not necessarily answer the second, since it is possible that a reversible 
colloid might exist. The data and arguments presented by Paranype 
and Joshi will first be discussed and finally additional data which permit 
rather definite conclusions will be presented. 

THE REPRODUCIBILITY OF AMALGAMS 

Paranype and Joshi enumerate five different types of experimental data 
in which the results do not seem to be reproducible. They conclude that 
the different methods used in preparing the amalgams resulted in different 
colloidal solutions and account in this way for the experimental data. Let 
us consider these cases in detail. The data on the conductivity of amal¬ 
gams obtained by Hine (2), Vanstone (3), Bohariwalla (4), and Davies and 
Evans (5) are described as follows: "Hine finds that the conductance of 
sodium amalgam passes through a minimum; Vanstone states that the 
conductivity concentration curve exhibits a maximum corresponding with 
NaHgsj Bohariwalla and others obtain two discontinuities, one at 0.079 
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per cent Na and one at 0.272 per cent Na; while Davies and Evans report 
only one at 0.272 per cent Na.” This treatment does not seem to give 
a correct picture of the facts. As a matter of fact the first, third, and fourth 
of these papers agree within the limits of experimental error. The agree¬ 
ment is far from perfect, but seemed to the original investigators satisfac¬ 
tory. Thus, to quote Davies and Evans, “It is difficult to decide with 
certainty whether these discontinuities in the curves are real, owing to the 
experimental difficulties;” and again, referring to their work and that of 
Hine, “It is seen that on the whole the results are in fairly good agreement.” 
Bohariwalla states, “These breaks in the conductivity concentration curves 
in the case of sodium and potassium amalgams occur at the same composi¬ 
tion as have been found by Hine.” These data refer to amalgams of from 
0 to 5 atom per cent sodium. Vanstone, on the other hand, was working 
with amalgams containing from 50-100 atom per cent sodium, and there¬ 
fore his paper is quite irrelevant to the point in question. 

The second instance of marked variation in properties has to do with 
the reactivity of amalgams prepared by Willstatter, Seitz, and Bumm (6) 
in iron, porcelain, or hessian crucibles. Since Willstatter considered the 
impurities present sufficient to account for the difference in the behavior 
of these amalgams, this does not seem to be evidence that pure amalgams 
have properties which depend on the method of preparation. 

The next data to be discussed are those obtained by Vanstone for the 
phase diagram of sodium amalgams. Paranype and Joshi state, “At all 
concentrations he observed persistent superfusion and supercooling, which 
indicates that the freezing point of an amalgam is not definite but extends 
over a small range of temperature.” This conclusion seems to be based on 
the rather unusual use of the word, “superfusion.” The following quota¬ 
tion from Vanstone indicates that the phenomenon observed is nothing 
more than ordinary supercooling. To quote Vanstone, “The alloy was 
heated until entirely liquid, then allowed to cool slowly, meanwhile being 
vigorously stirred. The temperature was read every minute or half minute. 
In nearly all cases superfusion was observed and the points determined are 
the maximum temperature reached after overcooling.” Nothing is said 
by Vanstone about heating curves, and we must therefore conclude that he 
is using the term “superfusion” as synonymous with supercooling. Super¬ 
cooling is so commonly found for true solutions and pure compounds that 
it can not be taken to mean that there is any uncertainty regarding the 
melting point or transition temperature. 

The fourth argument has to do with the uncertainty in the composition 
of the solid phase deduced from the phase diagram. This uncertainty 
arises chiefly from the fact that the curve is very steep in certain parts and 
there are many breaks in the curve. For example, in dilute solution 
Kumakow states that it is uncertain whether the compound is NaHgs or 
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NaHge, while Schuller and Vanstone state that the compound is probably 
NaHg 4 . It must be emphasized, however, that the disagreement is in the 
interpretation of the data and not in the data itself. These authors found 
the break in the temperature concentration curve at 17.95, 18.1, and 17.9 
per cent sodium which is quite good agreement. The fact that the experi¬ 
mental data is of such a nature as to make the authors of these papers un¬ 
certain as to the composition of the solid phase does not indicate that the 
solid phase is of uncertain composition. 

The last argument has to do with the change of viscosity of sodium 
amalgams with the time. The experimental work was carried out in the 
laboratory of Paranype and Joshi in 1928 but has never been published. 
In the absence of information regarding the methods of obtaining the data 
it is difficult to draw conclusions as to its significance. A possible expla¬ 
nation would be that the concentration of the amalgam was changing, 
owing either to surface oxidation or perhaps to incomplete solution of the 
solid amalgam, which melts at nearly 360°C. Since Paranype and Joshi 
state in another connection that their amalgams exhibit a scum on the 
surface when left in contact with their purest nitrogen perhaps the first of 
these explanations is the more probable. At any rate Paranype and Joshi 
come to the conclusion, in discussing other properties of amalgams, that 
they are lyophilic colloids. That the viscosity should increase with 
shaking is certainly not characteristic of lyophilic colloids and would 
indicate again that some other explanation must be sought for the vis¬ 
cosity data. 

The above discussion leads to the conclusion that experiments cited by 
Paranype and Joshi do not indicate that the method of preparing pure 
sodium amalgams is of significance. 

COLLOIDAL SOLUTION 

The second proposition to be discussed is the question whether amalgams 
are colloidal or true solutions. Even though the method of preparing 
amalgams is of no significance, these solutions might be colloidal or partly 
colloidal. If such a solution were in mobile equilibrium it might be colloi¬ 
dal and still give properties determined by only the concentration tem¬ 
perature and pressure. This question cannot be answered with certainty, 
but one can scrutinize the arguments for and against the colloidal nature 
of the solution. 

The argument of Paranype and Joshi in so far as it is based on the 
irreproducibility of the properties of amalgams has been discussed in the 
first part of this paper. They also give as evidence the fact that the trans¬ 
fer of sodium with the electric current is toward the cathode in concentrated 
amalgams and toward the anode in dilute solutions, thus resembling the 
behavior of certain colloidal solutions. If the colloid explanation were the 
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only one possible this would have to be considered an argument. As 
stated by Paranype and Joshi, however, there are several other possible 
explanations, so that one cannot consider this by itself as proof. 

Several experimental facts are cited (the effect of ultra-violet light on 
amalgams, the viscosity and surface tension) to prove that the solution 
cannot be a lyophobic colloid. These are of course of interest after one 
has concluded that the solutions are colloidal, but do not either prove or 
disprove this point. 

Paranype and Joshi also say that they would expect the solid phase to 
be crystalline, the heat of solution to be very large, and the vapor pressure 
of mercury to be less than would be calculated for true solution. These 
are certainly not attributes of ordinary lyophilic colloids and to say the 
least do not suggest the colloidal state. 

The fact that direct and alternating current measurements give the same 
value for the conductivity seems to be of no significance, inasmuch as 
practically all of the conductivity is electronic. Thuslt has been shown (7) 
that the transference number of sodium in these amalgams is less than 
10~ 8 . Conductance data would have to be precise to one part in one 
hundred thousand in order to give much information regarding the be¬ 
havior of sodium. The data at hand do not begin to approach this degree 
of precision. If for no other reason than this, the conductance data are 
not significant in this connection. 

In commenting on the work of Richards and Conant (8), Paranype and 
Joshi state that the deviations from the laws of ideal solution are to be 
attributed to either colloidal solution or experimental error. Were this 
true, practically all solutions would have to be considered colloidal, par¬ 
ticularly aqueous solutions of strong electrolytes. The object of the 
experiments of Richards and Conant was to study a solution which gave 
large deviations from the laws of ideal solution, but they certainly had not 
the slightest thought that these deviations were due to “experimental 
error,” or that they were due to the colloidal nature of the amalgams. 

Finally the suggestion that the formation of scum on the surface of an 
amalgam is not always due to the formation of oxide but may be due to the 
disperse phase separating out on the surface, seems to be an argument based 
on faulty experimental data. Amalgams have frequently been kept for 
years by the writer in flasks which have been highly evacuated and baked 
to remove adsorbed water and during such intervals of time showed not 
the slightest tract of scum. 

We may conclude, therefore, that no evidence has been presented which 
would justify one in concluding that these amalgams are colloidal. This, 
however, does not prove that amalgams are true solutions. There is some 
evidence, however, pointing toward true solutions. Perhaps the most 
convincing is to be found in vapor pressure data. It has been shown (9) 
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that the vapor pressure curve in dilute solutions is that calculated from 
Raoult’s law, thus indicating that we are dealing with single atoms of 
sodium as the solute. These atoms of course may be solvated, but this 
would not constitute a colloidal solution as suggested by Paranype and 
Joshi. To quote them, . . . Lewis, Adams, and Lanman formulated 
a theory and explained the initial decrease in conductivity .... as due 
to large aggregates of mercury atoms gathering around a sodium atom 
.... This conception of Lewis and coworkers appears to be very similar 
to the formation of a solutoidal colloid.” One might infer from this 
statement that the hydration of ions in water solution is proof that aqueous 
solutions of strong electrolytes are colloidal. 

The freezing point lowering in dilute amalgams is that calculated from 
Raoult’s law. The calculated value is 1.9°C. per atom per cent and the 
experimental value is 1.9 (3), increasing in more concentrated solutions. 
A colloidal solution would give a smaller depression of the freezing point. 

The excellent microphotographs of Vanstone, which show several types 
of crystals corresponding to the compounds indicated by the phase diagram, 
indicate that the solid phase is not colloidal. 

The large heat of solution indicates that we cannot be dealing with a 
lyophobic colloidjn which the disperse phase is sodium. Such a colloid 
would have a greater amount of energy in the form of surface energy in¬ 
stead of much less energy than the original components. 

This leaves the possibility of a lyophilic reversible colloid in rather 
concentrated liquid amalgams. This is only a possibility, however, and 
until there is positive evidence one is bound to consider it as only a 
possibility. 


SUMMARY 

1. Contrary to the conclusion of Paranype and Joshi, there is no proof 
that the properties of pure sodium amalgams are determined by the 
method of preparation. 

2. The hypothesis that sodium amalgams are colloidal rests upon certain 
properties which are common to the amalgams and to certain colloidal 
solutions. Since these properties can be accounted for in other ways, 
there is no proof at present that sodium amalgams are colloidal. 

3. The following facts either prove or constitute strong evidence that 
sodium amalgams are true solutions. 

(a) The freezing point depression of mercury in dilute amalgams is 
that calculated for an ideal solution. 

(b) The vapor pressure lowering is that calculated for an ideal solution. 
In more concentrated amalgams the lowering is greater than is calculated 
for an ideal solution. A colloidal solution should show a smaller lowering 
of the vapor pressure. 
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(c) The microphotographs of Vanstone of the solid phases indicated by 
the phase diagram show definite crystalline structure. 

(d) The large amount of heat liberated during the formation of an amal¬ 
gam proves that it cannot be a lyophobic colloid in which the disperse 
phase is sodium. 
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It has been suggested by some authors (1) that the primary salt effects 
in reactions between an ion and an uncharged molecule are governed solely 
by the changes in the activity coefficient of the catalyzed molecule pro¬ 
duced by salt addition. However, as already pointed out by Harned 
and Akerlof (2), experimentally determined values of f Bt the activity co¬ 
efficient of the neutral substrate, account for neither the order nor the mag¬ 
nitude of the velocity constant variations in salt solutions. In this brief 
communication a new method of approach will be discussed. 

Harned (3), in calculating the activity coefficients of hydrochloric acid 
in HC1-MC1 solutions, has employed the equation 


log/ = 


- .354 V2 Ct 
1 + A x/2 Ct + 


2B a -c a ”t* 2 B''C, 


( 1 ) 


B' is an empirical constant characteristic of the salt. Butler (4), by con¬ 
sidering the mutual salting-out of ions obtained an expression which may 
be used in the interpretation of the B constants. Carrying this idea fur¬ 
ther we may look upon the B ' constant as determining the displacement, 
or salting-out, of the acid by the salt—inasmuch as in an HC1-MC1 solu¬ 
tion we have the displacement of hydrochloric acid not only by its own 
ions but also by the ions of the added salt—and use the Debye and Mac- 
Aulay (5) expression to represent this part of the activity coefficient. 
A comparison of the proposed expressions for B and B' leads immediately 
to the relation 


B'- B a 


acid 

«»alt 


( 2 ) 


a, the mean ionic radius, is defined by 


l = 1 r v - z - 

a 2k, 2, j (_ a+ a _ 


(3) 


As the values of B' have been computed by Harned from thermodynamic 
measurements by means of equation 1, it is possible to tost equation 2; 
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the agreement is quite satisfactory. Although it is doubtful whether B 
and B ' as determined empirically from equation 1, are independently 
correct, and whether the Butler, and the Debye and MacAulay equations 
separately express completely these constants, equation 2 may be taken 
to be valid, as any other factors that may enter will be common to both 
B and B '; the recently published thermodynamic data of Hawkins (6) 
also support this equation, in spite of the fact that the B and B ' values 
given differ somewhat from those of Hamed. It is also interesting to 
note that B' y being a partial, must be related to the B constants of both 
the salt and the acid; this relation for HC1-MC1 solutions, using the data 
of Hamed (7), is found empirically to be a very simple one. 

The introduction of the B f constants, as calculated from equations 2 and 
3—the ionic radii values are those calculated from crystallographic data 
(8)—in the interpretation of primary salt effects, for the type of reaction 
considered, has led to interesting results, it being possible to account for 
the salt effects in all but one of the reactions examined. Because of the 
complexity of the problem, no strict theoretical justification can be given 
for this linking. We may, perhaps, regard the salting-out of a strong, 
highly soluble electrolyte as its displacement from the neighborhood of the 
ions of the added salt and therefore as its increased ability to collide with 
the substrate molecules to form the complex capable of decomposition. 
Further, it can be shown, from the empirical relation for a uni-univalent 
electrolyte 

B' _ Ba±B, 

2 

together with the expressions for B and JS', that the displacement coefficient 
may be also regarded as the change in the dielectric constant, provided 
that the mean of the S’s (5 is the molal lowering in the dielectric constant) 
as well as of the a ’s (defined by equation 3) for the catalyst and the salt is 
employed; this explanation would be in accord with the suggestion of 
Hamed and Samaras (9). 

It is known from experimental data that for reactions between an ion 
and an uncharged molecule the interionic-force term of the Debye and 
Htickel expression does not appear, the logarithm of the rate constant 
varying linearly with the salt concentration (the concentration of the 
catalyst being fixed) up to very high concentrations (6 or 7 N ); if, of course, 
both the ions of the catalyst exert a catalytic effect, this term does enter. 
The results of the present investigation are summarized in table 1. 

That the characteristic factors by which the displacement coefficients 



TABLE 1 

Expressions for the primary salt effects 


ABACTION 

CATALYST 

SALT EFFECT 

Cane BUgar hydrolysis (i). 

H + 

log k “ 3B'*n, + R 

log k — (interionic-force 
effect) + 3B'*n. «f R l 
log k - 2B'n, + R 11 

log k = 2 B.-n, -f R m £2 
4B'*n # 4* R ltl 

log k =* (interionic-force 
effect) - 2B'n. + R IV 
log k - 4 log /. + R y 

Acetylchloroaminobenzene transfor¬ 
mation (ii). 

H + and Cl“ 

Cyanamide hydrolysis (iii). 

H + 

Hydrogen peroxide decomposition 
(iv). 

I- 

Diacetone alcohol decomposition 
(v). 

OH~; cation 

Ethyl acetate hydrolysis (vi). 

also? 

H + 



R is a constant independent of the salt but characteristic of the reaction. The 
term involving B' is in each case the displacement coefficient of the catalyst. The 
salt concentrations are from about OAN to the highest concentration for which data 
are available. The salt effects are represented very satisfactorily by the expres¬ 
sions given. 

(i) The salt data for this reaction are those of Kautz and Robinson (10), and for 

k 

the medium effect in pure hydrochloric acid (i.e., for the slope of the log- vs. whCI 


line) those of Worley (11). 

(ii) The empirical equation used by Akerlof (12) has been simply rewritten. 

* k 

(iii) The values of the slopes of the log - vs. n. au lines as given by Grube and 

Schmid (13) have been used. As neither the B constant for nitric acid nor the ionic 
radius of the nitrate ion is known, equation 2 cannot be employed, and the assump¬ 
tion has been made that the displacement coefficients of nitric acid in HNO a -MNOj 
solutions are the same as those for hydrochloric acid in HC1-MC1 solutions, which is 
perhaps justifiable as in the hydrolysis of sucrose it is found from the data of Worley 
that the medium effect for nitric acid is exactly the same as that for hydrochloric 


acid. 

(iv) Harned and Samaras (9) have shown that for the hydrogen peroxide decom¬ 
position the salt effects can be interpreted by the B constants of the added salts; 

Bofttal. + Bn%lt 

although B K i is not known, by using the empirical relation B » -“ 


together with equation 2, its value may be calculated to be nearly zero (which seems 
to be borne out also by activity coefficient curves), so that the partial B', which 
includes both the B for the catalyzing electrolyte and the B for thr salt, will in this 

case involve B« alone. ? 

(v) The B"s employed are those of Harned and Akerlof (7a), as the calculation 

from equation 2 cannot be carried out, since the radii of the hydroxides are not known. 
The catalytic data arc those of Akerlof (14) and the agreement obtained by using the 
equation given in the above table is remarkably good up to 61V salt concentrations. 

(vi) Robinson (15) showed that the square root of the activity coefficient of the 
ethyl acetate accounted for the salt effects; it is possible, although highly doubtful 
as the order for the various salts is different, that log/, is related to the B' constant. 
As this is the only one of the reactions examined for which the salt effects are given 
by f* we must regard it for the present as complicated by an unknown factor or 
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are multiplied appear to be whole integers, as seen from table 1, must not 
be regarded as significant, in view of the uncertainty of the values of many 
of the fundamental quantities involved; all that may be claimed is that the 
B' constants account quite well for the greatest part of the salt effect. If 
we agree with Bronsted (16) and Bjerrum (17) that some kind of a complex 
is formed, we should expect to deal with a ratio of two displacement coeffi¬ 
cients, so that for a reaction between an ion and an uncharged molecule 
and for uni-univalent salts we shall have, 

log k -= 2[B t '- B,'\-n. (4) 

ACo 

It may be shown that if the susceptibility, a, of the complex is greater than 
that of water, then the slope of equation 4 is positive and greater than 2J5/; 
similarly, the negative sign in the diacetone alcohol reaction may be ac¬ 
counted for on the assumption that This scheme is by 

no means new, as the Bronsted (16) expression, assuming that A in equa¬ 
tion 1, which involves the so-called mean distance of approach of the ions, 
is the same for the catalyst as for the complex, would lead to 

k 

log-= [ft - ft + ftj] •«. (5) 

ko 

Equation 5 differs from equation 4 in that it involves the activity coeffi¬ 
cient of the uncharged molecule; it should be pointed out, however, that 
the values of fo, as determined from solubility measurements, are not of 
the same order as the B' constants, and it consequently appears that the 
kinetic factor F, given by the well-known expression, 

V = fa C t CB‘F 

does not involve the activity coefficient of the neutral substrate. 

A comprehensive and detailed examination of this field leads one to the 
realization that an exact theoretical treatment is impossible at present, 
not only because of the inherent complexity and obscurity of the problems 
of chemical reactivity and highly concentrated solutions, but also owing to 
the paucity, if not complete absence, of reliable data on such fundamental 
quantities as the dielectric constants of salt solutions. Nevertheless, it is 
hoped that the viewpoint presented here, supported as it is by experimental 
data, may be of some value in the final analysis of the problem. 

The writer is indebted to Professor H. S. Harned for valuable assist¬ 
ance and information. 
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In a previous general discussion (1) of the phenomena of coprecipitation, 
the presence of foreign ions in the interior of a precipitate was quite gen¬ 
erally ascribed to an adsorption of these ions during the growth of the 
crystalline precipitate. Therefore it may be expected that the order of 
the amount of coprecipitation in a series of cations or anions, respectively, 
will be the same as the order of adsorption at the external surface of the 
precipitate after it has been formed. In order to prove this conclusion, 
the adsorption of various electrolytes by aged calcium oxalate crystals 
has been determined. This study is preliminary in character. Many 
difficulties, especially of analytical nature, have been encountered, which 
have not yet been completely overcome; therefore a more extensive in¬ 
vestigation of the adsorbent properties of calcium oxalate is reserved for 
the future. The results obtained in the present study are conclusive inso¬ 
far as the relation between adsorbability and coprecipitation of ions is 
concerned. 

According to the Paneth-Fajans adsorption rule, the adsorbability of 
a salt having an ion in common with the crystalline adsorbent should in¬ 
crease with decreasing solubility of the salt. J. S. Beekley and H. S. 
Taylor (2) in a study of the adsorption of silver salts by silver iodide ob¬ 
tained results in fair harmony with this rule; the agreement would have 
been still better if they had considered the deformation of the adsorbed 
anions. It follows from the Paneth-Fajans rule that the adsorbability of 
any individual ion will be larger the smaller the solubility of the compound 
that it can form with the ion of opposite charge in the adsorbing lattice. 
This conclusion, however, is not confirmed by the work of Sven Od6n (3) 
and Mile. L. de Brouck&re (4); a more exhaustive discussion must be post¬ 
poned until more experimental data are available. 

1 The material covered in this and following papers has been taken from a thesis 
submitted by E B Sandell (Du Pont Fellow in Chemistry at the University of Min¬ 
nesota, 1931-1932) to the Graduate School of the University of Minnesota in partial 
fulfillment of the requirements for the degree of Doctor of Philosophy. 
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ADSORPTION OF ELECTROLYTES BY CALCIUM OXALATE 

Preparation of aged calcium oxalate suspensions 

Preparation I. 0.515 mole of calcium chloride hexahydrate dissolved 
in 1 liter of hot water was added slowly over a period of twenty minutes 
to 0.50 mole of ammonium oxalate dissolved in 3 liters of solution at 90°C. 
The precipitate was washed by decantation until washings were entirely 
chloride-free. The precipitate contained traces of chloride that could not 
be washed out; the amount did not exceed 0.01 per cent. The preparation 
was allowed to stand under water for a week before use in the adsorption 
experiments. The average crystal diameter was estimated to be 0.5 mi¬ 
cron or less. 

Preparation II. Precipitation was made in the same way as described 
under Preparation I, with the sole difference that at the end of the pre¬ 
cipitation ammonium oxalate was a few per cent in excess. The prepara¬ 
tion was washed by decantation thirteen times and kept under water for 
two weeks before being used. The average crystal diameter was esti¬ 
mated to be 0.5 micron or slightly more. 

Preparation III. 1.00 mole of calcium chloride in 1 liter of hot water 
was added in a slow stream to 1.02 moles of ammonium oxalate in 3 liters 
of boiling water containing 2 cc. of hydrochloric acid. The time of addi¬ 
tion was fifteen minutes. The precipitate was washed by decantation 
twelve times. It was kept under water for two months before using. The 
crystal size was slightly larger than in the preceding preparations. 

Procedure 

The carefully washed precipitate was mixed with water to give a sus¬ 
pension containing approximately 3 g. of calcium oxalate in 50 cc. 
From this suspension, well shaken, 50 cc. were removed with a pipet and 
transferred to a dry glass-stoppered bottle. Then 50 cc. of the solution 
containing the substance to be adsorbed were mixed with the suspension, 
and the whole was agitated in a mechanical shaker. The time of shaking 
is recorded in table 1. The adsorption took place at room temperature, 
25±2°C. Because of the uncertainty involved in determining the small 
amount of substance adsorbed, the use of a thermostat was considered 
superfluous. After shaking, the mixture was filtered through paper, 
and 50 cc. of the filtrate was removed with a pipet and titrated with the 
suitable standard solution. In the case of the oxalates, 0.02 N potassium 
permanganate was used. The end-point correction was obtained by add¬ 
ing potassium iodide to the cold titrated solution and titrating the liberated 
iodine with 0.005 N sodium thiosulfate in the usual manner. The original 
solution containing the substance to be adsorbed was standardized in 
exactly the same way by taking 25 cc. In the case of the adsorption of 
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iodates, 0.02 or 0.002 N sodium thiosulfate served for titrating the iodine 
liberated by adding iodide to the acidified solution, starch being used as 
indicator. Bromate was titrated in the same way. For the titration of 
hydrochloric acid and oxalic acid, dilute carbonate-free sodium hydroxide 
was used. All salts used in the adsorption determinations were of the 
highest purity. The oxalate solutions were prepared immediately before 
use to preclude the formation of carbonate by photochemical decompo¬ 
sition. The results of these experiments will be found in table 1. 

TABLE 1 


Adsorption by calcium oxalate monohydratc 


SOI UTION 

TIME 

°* 

AGITA¬ 

TION 

FQLII TB¬ 
it IUM 
CONCEN 
TRATION 

MICROMOLES ADSORBED PFR GRAM OF CALCIUM 
OXALATE MONOHYDRATE 

Preparation I 

Preparation II 

Preparation III 


hours 

molarity 




Ammonium oxalate 

1 

0 0100 

5 5 

3 7 

1 3 (3 hours) 

Potassium oxalate 

1 

0 0100 


4 8 

2 7 (3 hours) 

Sodium oxalate 

1 

0 0100 

9 3 

7 5 

3 9 

Sodium oxalate 

3 

0 0100 

9 8 

7 2 

3 9 

Lithium oxalate 

1 

0 0100 


3 5 


Magnesium oxalate 

1 

0 0014 

6 5 



Oxalic acid * 

1 

o oioo 

6 0 (Ox“) 

7 9 (Ox -) 


Oxalic acid 

3 

0 0100 

6 2 (Ox") 

8 0 (H + ) 

3 6 (Ox ") 

Ammonium iodate 

1 

0 00100 


0 73 


Potassium iodate 

1 

0 00100 

0 58 

0 95 


Potassium iodate 

1 

0 0100 

5 2 

4 3 


Sodium iodate 

1 

0 00100 


0 86 


Lithium iodate 

1 

0 0100 


4 6 


Calcium iodate 

1 

0 00100 

1 7 

1 7 


Calcium iodate 

3 

0 00100 

1 7 



Iodic acid 

1 

0 00100 


1 32 (IOl) 


Iodic acid. 

2 

0 00100 


1 57 (IOr) 


Iodic acid. 

2 

0 00082 

i 

18 0 (11+) 


Potassium bromate 

1 

0 0100 

1 

2 0 


Sodium oxalate + sodium 



I 



iodate 

1 

0 00100 

l 

i 

0 14 (IO?) 




0 00100 





The millimoles of substance adsorbed per gram of calcium oxalate mono¬ 
hydrate equals 

NF f„ _ v (V . + 50 00) 1 

¥L so.oo J 

where N = the analytical normality of the solution used for titration, 

F - conversion factor (NF = molarity of solution of adsorbed ion), 
Vt = cc. of standard solution required to titrate 50.00 cc. of solution 
containing substance to be adsorbed, 
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V\ = cc. of standard solution required to titrate 50.00 cc. of filtrate 
after equilibrium, 

V\ = cc. of water in 50.00 cc. of calcium oxalate suspension (deter¬ 
mined by weighing 50.00 cc. of suspension and deducting 
from this value the weight of calcium oxalate monohydrate 
obtained by evaporating the suspension to dryness and 
heating the residue at 105°C.), and 
W = grams of calcium oxalate monohydrate in 50.00 cc. of sus¬ 
pension. 


DISCUSSION OF RESULTS 

The adsorption of alkali oxalates by aged calcium oxalate is very small 
in amount. Even with the fine precipitates used in these determinations 
it is not easy to obtain reproducible results. The most strongly adsorbing 
preparation of calcium oxalate in equilibrium with 0.02 N sodium oxalate, 
the alkali oxalate most strongly adsorbed, contains less than 0.1 percent 
of its weight of the foreign oxalate on the surface. It is evident that from 
the analytical point of view external adsorption cannot play any impor¬ 
tant role in the contamination of calcium oxalate, especially when it is 
remembered that even this small amount of adsorbed substance is partly 
removed on washing the precipitate. In analytical precipitations the 
crystals are much larger than those used in these experiments, so that in 
considering the causes of contamination, it is possible to leave out of sight 
entirely that due to external surface adsorption. 

The order of adsorption of the oxalates at room temperature at the 
same equilibrium concentration appears to be as follows: lithium < am¬ 
monium < potassium < oxalic acid, sodium < magnesium. Evidently 
the solubility of the oxalates does not alone determine the adsorbability, 
for then the order would be: potassium < oxalic acid < lithium < am¬ 
monium < sodium < magnesium. (Solubilities of oxalates: potassium 
1.65, lithium 0.61, ammonium 0.39, sodium 0.28, magnesium 0.0020, ox¬ 
alic acid 0.81 moles per thousand grams of water at 25°C.) Ammonium 
oxalate especially seems to be out of place. In agreement with the order 
of adsorbability, the amount of coprecipitation increases in the order 
ammonium < potassium < sodium < magnesium, as will be shown later. 
The mechanism of the adsorption of oxalic acid probably is somewhat 
different from that of the salts, since there is a possibility that some of it 
may be held at the surface in the form of bioxalate ions. In addition, 
it should be mentioned that the amount of iodic acid adsorbed, as found 
from the acidimetric determination, is much larger than that found from 
the iodate analysis. The .explanation is that the preparation of calcium 
oxalate used contained coprecipitated calcium hydroxide, which was neu¬ 
tralized by the hydrogen ions. It was experimentally proved that in the 
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case of hydrochloric acid and of iodic acid, more calcium than oxalate went 
into solution when calcium oxalate was shaken with the acids, thus indi¬ 
cating that calcium hydroxide existed on the surface of the precipitate and 
that this reacted with the hydrogen ions. Therefore, the results of acidi- 
metric analysis cannot be used here for obtaining the amount of acid 
adsorbed. It is possible that the inequality in the adsorption of the two 
ions is partly to be attributed to an exchange adsorption between hydro¬ 
gen and calcium ions. 

Calcium iodate is more strongly adsorbed than the alkali iodates, as 
would be expected from the precipitation rule. From 0.001 molar solu¬ 
tions the adsorption of the alkali iodates is of the same order of magnitude; 
more work should be done over a wider range of concentrations in order to 
learn whether sodium iodale is more strongly adsorbed than potassium 
iodate, and the latter more strongly than ammonium iodate. From the 
figures in table 1, it will be seen that the adsorption of the alkali iodates 
increases very strongly with the concentration up to an equilibrium con¬ 
centration of at least 0.01 molar. Since calcium iodate is much less soluble 
than calcium bromate (0.0078 and 3 moles per thousand grams respectively 
at 25°C.) a stronger adsorption of the former ion was anticipated. In 
agreement herewith a much stronger adsorption of potassium iodate than 
of bromate was found (Preparation II). Again, it was found in the study 
of the coprecipitation of anions that iodate is carried down to a much 
greater extent than bromate, if the precipitations are made under identical 
conditions. 

Very interesting is the result of the experiment in which calcium oxalate 
was shaken with a mixture of sodium oxalate and sodium iodate contain¬ 
ing 0.001 moles of each per liter. Although the amount of iodate adsorbed 
is six times less than in the absence of oxalate, it is evident that the latter is 
not able to replace all adsorbed iodate at the surface of the calcium oxalate. 
There is competition between the oxalate and iodate ions and since calcium 
oxalate is less soluble than calcium iodate, the former ion will be more 
strongly adsorbed than the latter, although oxalate is not able to prevent 
entirely the adsorption of the anion which is foreign to the lattice. The 
adsorbability is not determined by the fact whether the ion is identical 
with, or of the same size as, that of the same sign in the lattice. The 
result found explains why a coprecipitation of iodate or some other anion 
is found if, during the precipitation of calcium oxalate, an excess of oxalate 
ions is present in the solution, and why cations can be coprecipitated even 
if there is an excess of calcium present during the precipitation. The 
presence of the lattice ion does not entirely prevent the adsorption of 
foreign ions of the same sign. 
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COPRECIPITATION OF THE ALKALIES WITH CALCIUM OXALATE 

The contamination of calcium oxalate by the alkalies was studied under 
the following heads: 

1. Coprecipitation of alkali—sodium, potassium or ammonium—when 

the corresponding oxalate was used as a precipitant for calcium 
chloride. The results are given in table 3. 

2. Special investigation of sodium coprecipitation. Sodium was pres¬ 

ent here as the chloride, not the oxalate, and ammonium oxalate 
was used as the precipitant for calcium. The results are given in 
table 4. 

3. Investigation of alkali coprecipitation under analytical conditions. 

Ammonium oxalate was used as precipitant; the alkalies were 
present as chlorides. The results are given in table 5. 

Methods of determining the alkalies in the calcium oxalate precipitate 

Sodium. This cation was determined by the simple method of Barber 
and Kolthoff (5). The presence of calcium as chloride does not interfere 
in the procedure given by these authors, so that their directions have been 
followed with minor changes to better accommodate the method to the 
present problem of determining sodium in calcium oxalate. The calcium 
oxalate precipitate was first dried and then ignited at incipient red heat to 
convert it to calcium carbonate. The latter was dissolved in dilute acetic 
acid; the excess acid was removed by heating at 100°C. until solid calcium 
acetate remained. To the residue was added 10 cc. of zinc uranyl ace¬ 
tate reagent prepared according to the directions of Barber and Kolthoff. 
The resulting mixture was shaken until all the calcium acetate had been 
dissolved and was then allowed to stand overnight to insure the complete 
separation of the small amounts of sodium present. The precipitate was 
collected in a sintered glass filtering crucible and washed successively with 
the reagent and a saturated alcoholic solution of sodium zinc uranyl ace¬ 
tate; after washing several times with ether, it was dried by passing a 
stream of air through the crucible for five minutes and then weighed. 
Blanks with calcium oxalate to which had been added known small amounts 
of sodium gave satisfactory results. Only one small source of difficulty 
was encountered; sometimes after the ignition of the calcium oxalate, the 
residue contained small amounts of carbon. However, this substance 
could be removed by repeatedly evaporating the residue with small 
amounts of concentrated nitric acid. 

Potassium. It is not easy to determine the potassium content of con¬ 
taminated calcium oxalate precipitates. Sodium cobaltinitrite, the most 
sensitive precipitant for potassium, was chosen as the reagent most likely 
to give results satisfactory for the present purpose. The method finally 
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adopted consisted in weighing the air-dried precipitate of sodium potas¬ 
sium cobaltinitrite formed in alcoholic solution. The determination was 
made in the following manner. 

The washed and dried calcium oxalate precipitate was ignited at dull 
redness to convert it entirely to the carbonate. The residue was dissolved 
in a slight excess of hydrochloric acid and the resulting solution was evapo¬ 
rated to dryness. The calcium chloride residue containing the traces of 
potassium sought was dissolved in 5 cc. of 95 per cent alcohol at room tem¬ 
perature. When complete solution had been effected, 2 cc. of sodium 
cobaltinitrite prepared according to the directions of de Koninck (6) was 
added. In order to insure complete precipitation the mixture was allowed 
to stand overnight. The precipitate of sodium potassium cobaltinitrite 
was collected in a glass filtering crucible and washed successively with small 
portions of 70 per cent alcohol, 95 per cent alcohol and ether, and finally 
dried at room temperature by drawing air through the crucible for a short 
time. In order to test the reliability of the method as well as to determine 


TABLE 2 


POTASSIUM OXALATE 
TAKEN 

VALUE OF THE FACTOR 

K 2 C*04 

Wt of ppt 

POTASSIUM oxalate 
POUND 

(Factor — 0 20) 

ERROR 

mg 


mg 

mg 

0 20 

0 18 

0 22 

+0 02 

0 40 

0 18 

0 44 

-fO 04 

0 70 

0 24 

0 58 

-0 12 

1 2 

0 23 

1 04 

-0.18 

2 0 

0 20 

1 98 

-0 02 


the amount of potassium in the precipitate, blanks containing small known 
amounts of potassium in the presence of the same amounts of pure potas¬ 
sium- and ammonium-free calcium chloride as were present in the actual 
determination were run in the way just described. The results will be 
found in table 2. It is to be noted that potassium in the blanks was pres¬ 
ent as the chloride. In the table, however, the amount of potassium added, 
and found, is expressed in terms of the oxalate, the form in wnich potassium 
occurs in the contaminated calcium oxalate. The second column of the 
table gives the value of the experimentally determined factor: 

K 2 CX>4 

Weight of precipitate 

The values obtained are not constant, which is to be attributed in part, 
at least, to the experimental errors necessarily associated with the hand¬ 
ling and weighing of such small quantities of precipitate as are being dealt 
with here. The value of the factor adopted for use in the calculations 
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is 0.20. The third column of table 2 gives the amount of potassium 
oxalate found using the factor 0.20; the agreement between the amount 
taken and that found is quite satisfactory for our purpose. 

Ammonium . The ammonium content of calcium oxalate was deter¬ 
mined colorimetrically with Nessler’s reagent. 2 The washed precipitate 
of calcium oxalate was dissolved by warming with 2 cc. of concentrated 
hydrochloric acid diluted with a small volume of water. When all the 
calcium oxalate had dissolved, the liquid was cooled and diluted with 
approximately 75 cc. of water. To this solution was added 5 cc. of 6 N 
sodium carbonate in small portions with agitation. Finally, the volume 
was made up to exactly 100 cc. and after mixing, the liquid was filtered 
through a glass crucible. Ten cc. of the filtrate was taken and treated 
in a small vial of 20 cc. capacity with 0.5 cc. of sodium tartrate (50 grams 
in 100 cc. of water) and 0.5 cc. of Nessler’s reagent. The color comparison 
was made with a series of standards in identical vials made up fresh and 
treated with sodium carbonate and Nessler’s reagent simultaneously with 
the unknown. The standards usually differed by 0.002 mg. of ammonia. 
The color comparison was made a few minutes after mixing with Nessler’s 
reagent. On standing, the unknown solution slowly became turbid, but 
the color comparison could be made quite leisurely without interference 
from this cause. The presence of tartrate is indispensable; in its absence 
the unknown becomes turbid so rapidly that the colorimetric determination 
is rendered impossible. Blanks run with ammonium-free calcium oxalate 
in the manner described gave satisfactory results, e.g., 0.06. 0.10 and 0.16 
mg. of ammonium, respectively, were taken, and 0.06-0.07, 0.10-0.11, 
and 0.16 mg. were found. 

Explanation of tables 3 , J h and 5: coprecipitation of alkalies 

The solutions of calcium chloride and alkali oxalate used in these precipi¬ 
tations were all 0.25 N. In the ordinary precipitations, the salt in excess 
was contained in the precipitating vessel and the other solution was added 
to it with hand shaking until the excess of the first solution was 20 per cent. 
The volume of water originally added was such that after the precipitation 
had been made the total volume amounted to 100 cc. in each case. Fil¬ 
tration was made immediately after precipitation; in those cases in which 
the precipitate was formed in the cold, the filtration and washing required 
several hours on account of the very finely divided condition of the pre¬ 
cipitate. Precipitates obtained in the cold were washed ten times with 
small portions of cold water, and those formed in hot solution a like number 
of times with hot water. Precipitation according to Hahn has already been 
described (7). For the crystal size of the various precipitates see table 2 

’Nessler’s reagent: 3.5 grams of mercuric iodide, 25 grams of potassium iodide, 
and 15 grams of potassium hydroxide in 100 cc. of solution. 
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of a previous paper (7). The amount of alkali oxalate coprecipitated is 
expressed in two ways in table 3: (1) as milligrams of anhydrous alkali 
oxalate per gram of calcium oxalate monohydrate, and (2) as millimoles of 
alkali oxalate per gram of calcium oxalate monohydrate. The alkalies 
are actually coprecipitated as the oxalates, as is proved by the fact that 
calcium oxalate precipitated in the presence of much alkali chloride con¬ 
tains merest traces of chloride. In table 4 the results of a systematic 
study of the coprecipitation of sodium present in the solution as sodium 


TABLE 3 

Coprecipitation of alkali oxalates with calcium oxalate 


PRECIP¬ 

ITATE 

NUM¬ 

BER 

CONDITIONS OP PRECIPITATION 

EXCFS8 

ION 

DURING 

' 

AMOUNT OP ALKAII OXALATE COPRECIPITATKD 
PER ORAM OP CALCIUM OXALATE 
MONOHYDRATE 

CIPI- 

TATION 

Sodium 

oxalate 

Potassium 

oxalate 

1 Ammonium 
oxalate 

1 

20 Ox to 24 Ca*, 55 H 2 0; R.T.; 

Ca 

mg 

24 

milli¬ 

moles 

0 18 

mg 

19 

| milli¬ 
moles 

0 115 

mg 

5 5 

milli¬ 

moles 

0 044 

2 

1 minute 

20 Ca to 24 Ox, 55 H 2 0; R.T.; 

Ox 

18 

0 135 

14 

0 085 

8 0 

0 064 

3 

1 minute 

As in 1, tfht at 100°C. 

Ca 

5 0 

0 037 

0 8 

0 0051 

0 8 

0 0064 

4 

As in 2, but at 100°C. 

Ox 

8 5 

0 064 

1 2 

0 0072 

1 05 

0 0083 

5 

Hahn’s procedure. 21 Ca 

Ca 

5 5 

0 041 

1 0 

0 006 

0.55 

0 0044 

6 

and 20 Ox; R.T.; 10 min¬ 
utes 

Hahn’s procedure. 20Caand 

Ox 

9 5 

0 071 

1 4 

0 0085 

1 15 

0 0091 

7 

21 Ox; R.T.; 10 minutes 

As in 5, but at 100°C. 

Ca 

i 

5 0 

0 037 

0 5 

0 0030 

0 1 

0 0008 

8 

As in 6, but at 100°C. 

Ox 

7 5 

0 056 

0 55 

0 0033 

0 1 

0 0008 

9 

As in 2, but digested at 90- 

Ox 

See table 4 

0 4 

0 0024 

0 2 

0 0016 

10 

100°C. for 18 hours 

As in 4, but in the presence 
of 1 g of NaCl 

Ox 


! 

0 45 

0 0027 




* 20 Ox = 20 cc. of 0.25 AT alkali oxalate; 20 Ca 20 cc. of 0 25 AT calcium chloride; 
R.T. = room temperature. 


chloride, using ammonium oxalate as precipitating reagent, are reported. 
In table 5 some results on the coprecipitation of alkalies under conditions 
similar to those of the ordinary analytical practice are given 

DISCUSSION OF RESULTS 

1 The coprecipitation of sodium is much greater than that of potassium 
and ammonium no matter what the conditions of precipitation are; the 
difference is most marked in hot solution, especially if the precipitation is 
made according to Hahn. The coprecipitation of sodium is Ihen still 



TABLE 4 

Coprecipitation of sodium present as chloride 


s 

A 

j 

AMMONIUM OXALATE 

CALCIUM CHLORIDE 

! 

EXCESS ION DURING 
PRECIPITATION 

AND AFTER 

WATER 

SODIUM CHLORIDE 
ADDED 

si 

11 

fig 

A M 

H 

REMARKS 

i* 

|ao 

S°B 


CC 

CC. 

1 Ca 

CC. 

moles 

degrees C. 


mg. 

1 

20 

' 24 


55 

0 05 

R.T. 


31.4 

2 

24 

20 

Ox 

55 

0.05 

R.T. 


34 0 

3 

20 

24 

Ca 

55 

0 10 

100 


12 7 

4 

20 

24 

Ca 

55 

0 05 

100 


9 9 

5 

20 

24 

Ca 

55 

0 01 

100 


5 9 

6 

24 

20 

Ox 

55 

0 10 

100 


19 7 

7 

24 

20 

Ox 

55 

0 01 

100 


9.7 

8 

As 7; stood five days before filtration 



8.2 

9 

50 

20 1 

Ox 

30 

0 01 | 

100 


8.8 

10 

As 5, but in ammoniacal medium (2 cc. 

of coned NHj) 

5 5 

11 

As 7, but in ammoniacal 

medium (2 cc. 

of coned. NHs) 

9.95 

12 

20 

24 

Ca 

55 

0 01 

R.T. 

Acid* 

8 1 

13 

24 

20 

Ox 

55 

0 01 

R.T. 

Acid* 

9 6 

14 

20 

24 

Ca 

55 

0 01 

100 

Acid* 

5 5 

15 

24 

20 

Ox 

55 

0 01 

100 

Acid* 

5 5 

16 

20 

21 

Ca 

55 

0 01 

R.T. 

Hahn’s procedure 

11 5 

17 

21 

20 

Ox , 

55 

0 01 

R.T. 

Hahn 

18 0 

18 

20 

21 

Ca 

55 

0 01 

100 

Hahn 

9 0 

19 

21 

20 

Ox 

55 

0 01 

100 

Hahn 

92 

20 

As 5, but in presence of 5 cc. of glacial , 

acetic acid 

4 45 

21 

As 7, but in presence of 5 cc. of glacial \ 

acetic acid 

11 5 

22 

As 21; digested at 100°C. 

for 18 hours 



8 7 

23 

24 

20 

Ox 

50 

0 01 

R.T. 

5 cc. of glacial 

18 2 








acetic acid 


24 

As 23; digested at 100°C. 

for 18 hours 



4 75 

25 

20 

24 

Ca 

55 | 

0 01 

R.T. 

Digested 18 hours 

0 7 








at 100°C. 


26 

20 

24 

Ca 

55 

0 01 

100 

Digested 18 hours 

1 1 








at 100°C. 


27 

As in 26 







1 5 

28 

24 

20 

Ox 

55 

0 01 

RT. 

Digested 15 hours 

0 77 








at 100°C. 


29 

As in 28 







0 82 

30 

24 

20 

Ox 

55 

0 01 

100 

Digested 18 hours 

4 6 








at 100°C. 


31 

50 

20 

Ox 

55 

0 01 

100 

Digested 18 hours 

0 9 








at 100°C. 


32 

20 

24 

Ca 

50 

0 01 

90 

Acidf 

3 0 

33 

24 

20 

Ox 

50 

0 01 

90 

Acidf 

3 7 


* 2 cc. of concentrated HCl was added to volume of 100 cc., neutralized at R.T. 
with dilute ammonia (2 minutes). 

t 5 cc. of concentrated HCl was added to volume of 100 cc., heated with 3 to 4 
grams of urea at 90°C. for 20 hours. 
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TABLE 5 

Co precipitation of alkalies under analytical conditions 


20 cc. of 0.25 N calcium chloride used in ail experiments 


PRECIPI¬ 

TATE 

NUMBER 

CONDITIONS 

NaaCtC>4 

PER ORAM OF 

CaCjO*- HjO 

A. Sodium 

1 

30 cc. of 1 molar sodium chloride present. Precipitation 
made at 100°C. by adding 1 g. of ammonium oxalate 
in 50 cc. of water to 250 cc. of solution containing 5 cc. of 
concentrated hydrochloric acid; then neutralized with 

4 N ammonia added dropwise 

mg. 

13.0 

2 

30 cc. of 1 molar sodium chloride present. One gram of am¬ 
monium oxalate in 50 cc. of water added to 250 cc. of cal¬ 
cium solution at 100°C., containing 1.0 cc. of concen¬ 
trated ammonium hydroxide. Time, 1 minute. 

8 2 

3 

30 cc. of 1 molar sodium chloride present. One gram of am¬ 
monium oxalate in 25 cc. of cold water added all at once 
to calcium solution having total volume of 250 cc. Pre¬ 
cipitation made at room temperature. Then digested at 
100°C. for two days. 

2 0 

B. Potassium 

4 

0.020 mole of potassium chloride present. Precipitation 
made at 100°C. by adding 1 g. of ammonium oxalate 
to 200 cc. of solution containing 2 cc. of concentrated hy¬ 
drochloric acid and neutralizing with dilute ammonia 
added dropwise. 

1 4 

5 

0 020 mole of potassium chloride present. Precipitation 
made at 100°C. by adding rapidly dropwise 1 g. of am¬ 
monium oxalate in 50 cc. of hot water to 200 cc. of solution 
containing 1 cc. of concentrated ammonia. 

0 3 

C. Ammonium 

6 

One gram of ammonium oxalate in 50 cc. of water added to 
boiling calcium solution having a volume of 200 cc. Two 
cc. of concentrated hydrochloric acid present. Then neu¬ 
tralized with dilute (2 N) ammonia added dropwise. 

2.4 

7 

Precipitation made by adding 1 g. of ammonium oxalate 
in 50 cc. of water to 200 cc. of hot calcium solution con¬ 
taining 1 cc. of concentrated ammonium hydroxide. 

2.4 

8 

Exactly as in 1 except that 1.0 g. of ammonium chloride 
was present. 

3.5 
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strong (0.5-1 per cent), while that of the other alkalies has decreased to 
less than 0.1 per cent and sometimes to only 0.01 per cent. 

At room temperature—ordinary precipitation—more potassium is copre¬ 
cipitated than ammonium, but at 100°C. the respective amounts are 
nearly the same, with an apparent tendency for potassium to exceed 
ammonium. Precipitates obtained according to the method of F. L. Hahn 
are contaminated equally if they have been formed in cold solution, but in 
hot solution more potassium is coprecipitated. In general, potassium 
tends to be coprecipitated to a greater extent than ammonium. The order 
of coprecipitation of alkalies is therefore the order of adsorbability. 

2. It is interesting to note that calcium oxalate formed according to 
Hahn’s procedure in hot solution in the presence of sodium contains as 
much of this element as when the precipitation is made in the ordinary 
way in hot solution, so that this special method of precipitation possesses 
no advantages. Hahn’s method gives better results with potassium, and 
especially with ammonium, but since those elements contaminate the 
oxalate precipitate formed in the cold only to the extent of 0.05-0.1 per 
cent of the weight of the precipitate, its application is unnecessary. 

3. The order and amount of coprecipitation of sodium added as chloride 
under various conditions (table 4) correspond in general to the results 
obtained by precipitating sodium oxalate with calcium (table 3). The 
high sodium coprecipitation obtained here in Hahn’s method is due to the 
special way in which this procedure has been carried out, i.e., calcium and 
oxalate were added simultaneously to a solution of sodium chloride. The 
ratio of sodium to calcium or oxalate present at any moment was therefore 
large and the amount of sodium coprecipitated was consequently large as 
expected. 

Whether calcium oxalate is precipitated in neutral or ammoniacal solu¬ 
tion makes no difference in the amount of sodium carried down. Neutral¬ 
ization of a hydrochloric acid solution of calcium oxalate with dilute 
ammonia at room temperature or at 100°C. gives a precipitate which still 
contains as much sodium as that obtained by direct precipitation in neu¬ 
tral or ammoniacal medium. The ion in excess—calcium or oxalate— 
makes hardly any difference if a strongly acid solution is slowly neutralized. 

Crystals of calcium oxalate that are very large can be obtained by adding 
urea to a strongly acid solution of calcium and alkali oxalate and then 
digesting the mixture (procedure of H. H. Willard); the slow neutralization 
of the acid gives a slow precipitation of the oxalate with the consequent 
formation of large crystals. These, however, still contain fairly large 
amounts—analytically speaking—of sodium, although less than when the 
precipitation is made in the standard way. 

Only one method under most conditions will give calcium oxalate suffi¬ 
ciently free from sodium to allow its use for precise analysis, and that is 
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the method of recrystallization of a finely divided precipitate formed at 
room temperature. By precipitating calcium oxalate in a volume of 
50 to 75 cc. at room temperature and digesting, the fine crystals first 
precipitated undergo an entire structural change due to transformation 
of the higher hydrates, and grow at the expense of the finest, with the re¬ 
sult that at the end of a day or so the crystals are a few microns in diameter 
and then contain much less sodium than originally. It is true that such a 
precipitate filters considerably more slowly than one obtained under the 
usual conditions of analytical precipitation. However, by the use of glass 
filtering crucibles such a precipitate can be filtered and washed in ap¬ 
proximately half an hour. It seems to us that this method of procedure 
is far superior to that of double precipitation of calcium oxalate, which 
would otherwise be necessary if any considerable amount of sodium is 
present. The application of the results to analytical work will be dis¬ 
cussed in a forthcoming paper. 

4. When calcium oxalate is precipitated with excess ammonium oxalate 
(table 4), no other alkali ion being present, under analytical conditions 
either by neutralizing a hot acid solution with dilute ammonia or by add¬ 
ing ammonium oxalate directly to a faintly ammoniacal solution, then the 
amount of ammpnium oxalate coprecipitated is of the order of a few tenths 
of a per cent. In the presence of much ammonium chloride this value 
becomes larger. Thus, precipitation from acid solution by neutralizing 
with ammonia in the presence of one gram of ammonium chloride gave a 
contamination of 0.35 per cent. This amount will not be serious in ordi¬ 
nary analytical work, especially since this error will be compensated by a 
slight solubility loss in washing with water if the determination is to be 
made volumctrically with permanganate. If the determination is made 
according to the gravimetric procedure, a coprecipitation of ammonium is, 
of course, immaterial. 

5. In the precipitation of calcium oxalate from cold solutions, a larger 
coprecipitation of alkalies is found in the presence of an excess of calcium 
than of oxalate (table 3, experiments 1 and 2), a result in opposition to the 
rules of coprecipitation. The explanation of this more or less abnormal 
behavior is relatively simple. In a study of the formation of higher hy¬ 
drates of calcium oxalate (previous paper (7)) it has been shown that at 
room temperature fairly large amounts of the higher hydrates are formed. 
The latter are not stable when left in contact with the mother liquor and 
are transformed into the monohydrate, this process being completed within 
twenty-four hours. The higher hydrates are stabilized by an excess of 
calcium whereas oxalate ions promote the transformation. This trans¬ 
formation is accompanied by an internal structural change and a recrystal¬ 
lization resulting in a purification of the primary precipitate; this purifica¬ 
tion takes place much more quickly in a presence of an excess of oxalate 
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(experiment 2, table 3) than of calcium (experiment 1). The filtration and 
washing of the precipitates obtained at room temperature is slow, more 
than two hours being required. The amount of coprecipitated alkali 
found is, therefore, more or less accidental (see, for example, experiments 
1 and 2, table 4, where more sodium was coprecipitated if oxalate was in 
excess); it may be expected that the primary precipitate formed in the 
presence of an excess of oxalate will contain more sodium than that sepa¬ 
rated from a solution containing an excess of calcium. That the above 
interpretation is correct will be shown in a discussion of the coprecipitation 
of iodate with calcium oxalate (next paper); and further, in a paper dealing 
with the internal structural changes on the aging of freshly prepared cal¬ 
cium oxalate, it will be demonstrated that the fresh precipitate formed in 
the cold is porous and permits fairly rapid effusion of foreign constituents 
from, or diffusion into, its interior. If no higher hydrates are formed 
(precipitation according to Hahn; experiments 5 and 6, table 3; 16 and 17, 
table 4), the coprecipitation of the alkalies is in harmony with the general 
rules, i.e., more alkali in the precipitate if the oxalate is in excess. 

6. In the precipitation of calcium oxalate at higher temperatures invari¬ 
ably more alkali is carried down in the presence of an excess of oxalate than 
of calcium, a result in harmony with the rules of coprecipitation. The 
coprecipitation of sodium increases with increasing excess of oxalate in the 
medium. Since no higher hydrates of calcium oxalate are formed at higher 
temperature, this normal behavior was anticipated. 

7. The amount of coprecipitation of alkalies at 100°C. is much less than 
at room temperature. At the present time it is impossible to make any 
predictions regarding the influence of the temperature upon the amount 
of coprecipitation, since the conditions of crystal growth, the speed of 
adsorption, and the adsorbability of the ions at the two temperatures are 
quite different, and no quantitative information is available for a system¬ 
atic analysis of these factors at different temperatures. It is interesting 
to note that in contrast to the alkalies, the coprecipitation of the anions is 
invariably higher at 100°C. than at room temperature (compare with 
next paper). 

8. Coprecipitation of one alkali ion does not prevent the carrying down 
of another alkali in the same precipitate. Thus it is shown by experiment 
10 (table 3) that sodium and potassium are simultaneously coprecipitated, 
whereas comparison of results of experiments in tables 3 and 5 indicates 
that ammonium and potassium are carried down at the same time. This 
result is not surprising, because during the growth of the precipitate com¬ 
petition between the various foreign ions to be adsorbed at the surface of 
the growing particles takes,place and the coprecipitation of the ion with 
the highest adsorption potential will predominate. A coprecipitation of 
only one type of ion if other kinds of the same sign are present, as D. 
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Balarew (8) claims to be the case, is contrary to what we may expect from 
our knowledge of adsorption and coprecipitation phenomena and to ex¬ 
perimental evidence. 

9. The coprecipitation of sodium with calcium oxalate does not increase 
linearly with the concentration of the alkali ion in the solution, but seems 
to be an exponential function of the latter (compare experiments 3, 4, and 
5, table 4). Thus with 0.01 mole of sodium chloride in the solution 5.9 
mg. of sodium oxalate were coprecipitated; with 1.0 mole in the same vol¬ 
ume, 12.7 mg. of sodium oxalate were coprecipitated. Such an exponen¬ 
tial relation may be expected from our knowledge of the relation between 
amount adsorbed and equilibrium concentration in the solution. There¬ 
fore, a relatively large coprecipitation of an ion which is strongly adsorbed 
may be expected even if it is present in fairly small concentrations. 

10. Digestion of a freshly formed precipitate results in a purification of 
the crystals. The most effective method of obtaining pure calcium oxalate 
is by precipitation from a weakly acid solution (pH 4 to 6; compare paper V 
of this series) at room temperature and digestion for eighteen hours or so 
thereafter. 

11. The reproducibility of the coprecipitation experiments is fairly good, 
if the precipitations are repeated under identical conditions. 

SUMMARY 

1. The order of the adsorption of alkali ions by, and coprecipitation 
with, calcium oxalate is the same, sodium being more strongly adsorbed 
and coprecipitated than potassium and the latter more strongly than 
ammonium. 

2. Ammonium oxalate is less adsorbed and coprecipitated than the po¬ 
tassium salt, a result contrary to the adsorption rule of Paneth-Fajans. 

3. The presence of an excess of the lattice ion in the solution decreases, 
but does not necessarily prevent, the adsorption and coprecipitation of 
ions of the same sign, foreign to the lattice. 

4. The coprecipitation of alkali ions with calcium oxalate is larger if 
there is an excess of oxalate instead of calcium in the solution during the 
precipitation. An apparent exception to the coprecipitation rule is found 
if precipitation takes place from relatively concentrated solutions at room 
temperature. This abnormal behavior is explained by the fairly rapid 
transformation of the higher hydrates accompanied by radical structural 
changes and recrystallization after the precipitation. 

5. A study has been made of the coprecipitation of alkali ions under 
analytical conditions. Sodium, especially, can seriously contaminate the 
precipitates. 

6. By far the purest calcium oxalate is obtained if the precipitation is 
made at room temperature from relatively concentrated solutions at a 
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pH of 4 to 6 and the mixture is digested for about twenty hours on the 
steam bath. 

7. The coprecipitation of the alkalies at 100°C. is much smaller than at 
room temperature. 

8. Coprecipitation of one alkali ion does not prevent the carrying down 
of another alkali in the same precipitate. 

9. The amount of sodium and other alkalies coprecipitated is an expo¬ 
nential function of the alkali concentration in the solution. Relatively 
speaking, there is already a marked coprecipitation in dilute solutions. 
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In this paper the results of an extensive study of the coprecipitation of 
the iodate ion will be described, and some data will be reported on the 
carrying down of broinate, chromate, sulfate, and the halides by calcium 
oxalate. In addition a study has been made of the ratio of calcium to 
oxalate in precipitates obtained under various conditions. This ratio is 
found to be smaller than the theoretical one if the calcium oxalate contains 
occluded oxalate, whereas it is larger than unity if a coprecipitation of cal¬ 
cium salts predominates. This investigation of the calcium-oxalate ratio 
was made primifrily for these two purposes: (a) for studying the coprecipi¬ 
tation of hydroxyl ions (as calcium hydroxide) with calcium oxalate; (b) 
for finding conditions under which the ratio approaches the theoretical 
value. The practical significance will be discussed with other data in a 
forthcoming analytical paper. 

I. COPRECIPITATION OF IODATE 

Calcium iodate is a sparingly soluble salt and for this reason it may be 
expected that calcium oxalate precipitated from solutions containing iodate 
will be contaminated by it appreciably. This is actually found to be the 
case. The amount of iodate coprecipitated is usually never very large, 
but Since even small amounts can be determined very simply and accurately, 
the coprecipitation of this ion with calcium oxalate has been studied in a 
systematic way. 

The iodate in the precipitate was determined by transferring the washed 
calcium oxalate to a flask containing 50 to 100 cc. of water. Pure potas¬ 
sium iodide containing no iodate was then added, and finally hydrochloric 
acid to dissolve the precipitate and to liberate iodine by reaction of the 
iodate with the iodide. Hydrochloric acid must not be added before the 
iodide, for then some of the iodate will react with the oxalate and an in¬ 
sufficient amount of iodine will be liberated upon the subsequent addition 
of iodide. The liberated iodine was titrated with dilute sodium thiosul- 

1 Du Pont Fellow in Chemistry at the University of Minnesota, 1031-1032. 

459 



460 


I. M. KOLTHOFF AND E. B. SANDELL 


fate, usually 0.01 N, with starch as indicator. Blanks with pure calcium 
oxalate and known amounts of iodate gave satisfactory results. 

The results of a systematic series of coprecipitation experiments are 
given in table 1. 


EXPLANATION OF TABLES 1 AND 2 

Part A. The calcium chloride solution used was 0.25 N, the ammonium 
oxalate solution 0.50 N. Ten cc. of potassium iodate solution containing 
0.200 g. of the anhydrous salt were mixed with 24 cc. of calcium chlo¬ 
ride solution and 55-65 cc. of water (this particular volume of water was 

TABLE 1 


Coprecipitation of iodate 

A. Ammonium oxalate added to excess calcium chloride 


NO 

TEMPER¬ 

ATURE 

TIME OF 
PRECIPI¬ 
TATION 

cc of 0 0100 N 

THIOSULFATE 

•> REMARKS 

0 01 V 
HC1 

0 05 V 
HC1 

Con¬ 

cen¬ 

trated 

HC1 


degrees C 

minutes 





1 

25 

1 



2 85\ 

12 cc. of ammonium oxalate used in- 

2 

25 

1 



2 85/ 

stead of 10 cc. 

3 

25 

1 



1 80 

Heated to boiling before filtration 

4 

25 

1 



4 3 

10 cc. of ammonium oxalate 

5 

25 

1 

1 00 

— 

3 8 


6 

25 

20 

0 20 


3 8 


7 

25 

1 


1 45 

6 5 

50 cc. of calcium chloride 

8 

25 

1 


0 55 

3 15 

Mechanically stirred 

9 

25 

15 


0.45 

2 3 

Mechanically stirred 

10 

100 

1 



9 5 


11 

100 

1 

0 35 


9 9 


12 

100 

1 


0 6 

9 1 

Stood 18 hours before filtration 

13 

100 

1 


0 55 

10 2 


14 

25 

1 

1 05 


18 2 

25 cc. of alcohol present 

15 

25 

1 


0.45 

4 80 

Precipitated in presence of 25 cc. of 







alcohol; then boiled 30 minutes be¬ 







fore filtration 

16 

25 

1 



4 5 

0.1 gram of agar present 

17 

25 

1 


0 75 

7 0 

10 cc. of 6 AT acetic acid present 

18 

25 

1 


0 3 

17 2 

50 cc. of 6 N acetic acid present 

19 

100 

1 


1 1 

13.1 

25 cc. of alcohol present 

20 

100 

1 



11 0 

0.1 gram of agar 

21 

100 

1 



12.7 

10 cc. of 6 N acetic acid present 

22 

25 

1 


0.3 

4.4 

0.40 gram of potassium iodate 

23 

25 

1 


0 45 

3 1 

0.10 gram of potassium iodate 

24 

25 

1 


0 15 

1 8 

0.02 gram of potassium iodate 

25 

100 

1 


0.3 

7 6 

0.10 gram of potassium iodate 

26 

100 

1 


'0 15 

3.4 

0.02 gram of potassium iodate 



TABLE 1 —Continued 

B. Calcium chloride added to excess ammonium oxalate 





cc OF 0 0100 N 





THIOSULFATE 




TIME OF 




NO. 

TEMP* R- 

PRECIPI- 


Con- 

Kir MAKES 


ATURE 

TATION 

0 05 N 

cen- 





HC1 

trated 






HC1 



degrees C 

minutes 




1 

25 

1 


2 4 


2 

25 

1 

0 7 

3 0 

Mechanically stirred 

3 

25 

10 


2 5 

Mechanically stirred 

4 

25 

10 

0 2 

0 8 

Mechanically stirred; 20 cc. of ammonium 



! 



oxalate 

5 

25 

I 1 


2 9 

Hand-shaken; boiled 5 minutes after pre- 






cipitation 

6 

25 

1 

0 10 

1 10 

Stood 18 hours before filtration 

7 

25 

1 

0 15 

1 5 

Stood 13 days before filtration 

8 

100 

1 


6 1 


0 

100 

1 

0 4 

5 2 

Stood 18 hours before filtration 

10 

100 

1 

0 5 

6 55 

Mechanically stirred 

11 

25 

1 

0 45 

3 9 

25 cc. of alcohol present 

12 

100 

1 

0 65 

7 3 

25 cc. of alcohol present 

13 

25 

5 

0 45 

2 95 

Calcium sprayed into solution with atomizer 

14 

25 

5 

0 5 

1 6 

Calcium sprayed into solution with atomizer; 






20 cc. of oxalate 

15 

100 

* 5 

0 4 

5 45 

Calcium sprayed into solution 


C. Precipitation according to F. L. Ilahn 


NO. 

TEMPER¬ 

ATURE 

TIME OF 
PRECIPI- 

TA1 ION 

ION IN 
EXCESS 

cc ok 0 0100 N 

1HIOSULFATF 

REMARKS 

0 01 N 
HC1 

0 05 AT 

HC1 

Cou¬ 
pe n- 
trated 
HC1 


degrees C 

minutes 






1 

25 

22 

Ca 

0 4 


19 9 


2 

25 

10 

Ca 


1 7 

25 6 

Mechanically stirred 

3 

25 

15 

Ca 

0 05 


16 6 

Iodate was dissolved in oxa- 








late, not in water in beaker 

4 

25 

10 

Ca 

1 

2 1 

19 7 

Only 0.10 gram of potassium 








iodate present; stirred me- 








chanically 

5 

25 

20 

Ox 

0 4 


13 5 


6 

25 

10 

Ca 


3 9 

49 3 

50 cc. of 6 AT acetic acid pres¬ 








ent; mechanically stirred 

7 

25 

10 

Ca 


1 9 

15 9 

20 cc. of alcohol 

8 

25 

10 

Ca 


1 7 

14 0 

20 cc. of acetone 

9 

25 

10 

Ca 


2 8 

30 3 

Volume 300 cc.; 0.6 gram o 








potassium iodate present 

10 

100 

20 

Cq 

0 15 


12 90 


11 

100 

20 

Ox 

0 10 


3 70 


12 

100 

10 

Ca 


1 7 

34 8 

50 cc. of 6 AT acetic acid; 






1 


stirred mechanically 
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chosen in order that the total volume of the solution after precipitation 
would be practically 100 cc.). To the resulting solution, 10 cc. of ammo¬ 
nium oxalate solution were added over the period of time indicated in the 
table, usually one minute. The mixture was shaken by hand except where 
noted. Deviations from this procedure will be found noted in the table 
under the heading “Remarks.” Filtration was begun immediately after 
precipitation; the precipitate was washed with small portions of hot water, 
usually five to six in number. It should be mentioned that filter paper was 
used in this scries of experiments for collecting the precipitate. After 
washing, the precipitate together with the filter paper was transferred to a 
flask, covered with a little water containing potassium iodide and then 
enough dilute hydrochloric acid added to make the acid concentration 
approximately 0.01 N. This treatment resulted in the liberation of a little 
iodine from the iodate present at the surface of the precipitate, which was 
then titrated with sodium thiosulfate (0.01 N ). The greater amount of 
the precipitate still remained undissolved. Concentrated hydrochloric 
acid was next added to dissolve all the precipitate, and the iodine liberated 
again titrated. The volume of thiosulfate recorded under “concentrated 
HC1” in the table is the sum of all thiosulfate required in the titration. 
The object of this particular mode of procedure was to prove that most of 
the iodate existed in the interior of the crystal and that it was not mainly 
adsorbed on the external surface. The preliminary shaking of the precipi¬ 
tate with 0.01 N hydrochloric acid and iodide removes whatever iodate 
may be adsorbed and also dissolves the outer portions of the crystal, thus 
releasing some of the truly coprecipitated iodate, but the bulk of the crystal 
remains intact. The length of time that the precipitate was allowed to 
remain in contact with the dilute acid was usually one or two minuteS. In 
some cases 0.05 N hydrochloric acid was used instead of 0.01 N. 

Part B. The same solutions were used as in Part A and the precipita¬ 
tions made as before except that here the addition of reagents was made 
in the reverse way, i.e., calcium chloride was added to excess ammonium 
oxalate containing 0.200 g. of potassium iodate. The final excess of 
ammonium oxalate was 20 per cent except where otherwise noted. 

Part C (Precipitation from extremely dilute solutions—F. L. Hahn's pro¬ 
cedure). The solutions of calcium chloride and ammonium oxalate used 
were both 0.25 N. These were added simultaneously from respective 
burets to 60 cc. of water in which was dissolved 0.200 g. of potassium 
iodate. Either the calcium or the oxalate solution was kept approximately 
1 cc. in excess during the entire addition. At the end of the precipitation 
20 cc. of one solution, and 21 cc. of the other had been added. The liquid 
was stirred by hand unless otherwise stated. In one case (experiment 3) 
the iodate was dissolved in the ammonium oxalate solution and not in the 
water to which calcium and oxalate were added. 
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In the experiments reported in table 2 the precipitations were made in 
the various ways already described, but after precipitation the calcium 

TABLE 2 


kjfect of digestion upon amount of coprecipitated iodale 






CC. OF 0.0100 N THIO- 





SULFATE 

NO. 

CONDITION OP PRECIPITATION 

CONDITIONS OF 
DIGESTION 

CRYSTAL 
SIZE AFTER 
DIGESTION 

O 

w 

o 

H 

5 

H 







§1 





© 

© 

S3 

o 

6 b 




microns 




1 

R. T.; calcium and oxalate in 

3J hours at 95°C, 

ca. 2 



2 2 


equivalent amounts 






2 

R. T.; 4 cc. of 0.25 N calcium 

18 hours at 85°C. 

ca. 2 



1.6 


in excess 






3 

Same as 2 

40 hours at 85°C. 

2 



1.35 

4 

Calcium solution evaporated 

68 hours at 90°C. 

0 5-2 

0 00 

0.10 

0 70 


to dryness and then precip¬ 
itated with oxalate con¬ 
taining iodate; calcium in 
excess * 






5 

Calcium solution evaporated 

Diluted to 100 cc. 


0 05 


1.45 


to dryness; treated with 10 

and digested 18 






cc. of oxalate containing 
iodate 

hours at 85°C. 





6 

6 cc. of 1 M calcium chloride 

Total volume of 

1-2 



1.4 


precipitated with 10 cc. of 

mixture 100 cc.; 






0.50 N oxalate at 100°C. 

digested 17 

hours at 85°C. 





7 

100°C.; calcium in excess (4 

18 hours at 85°C. 

1-2 



3 0 


cc. of 0.25 N) 






8 

R. T.; 4 cc. of 0.25 N oxalate 

66 hours at 90°C. 

2 



0 2 


in excess 






9 

Same as 8 

68 hours at 90°C. 

2 



0.15 

10 

8 repeated at 100°C. 

66 hours at 90°C. 

2 



0.90 

11 

2.5 cc. of 1 M calcium precip¬ 

Diluted to 100 cc. 

Varied 

0 0 


0.10 


itated at R. T. with 12 cc. 

after precipita- ! 

from 





of 0.25 N oxalate 

tion; 120 hours 

0.5 to 






at 90°C. 

5 




12 

According to Hahn; oxalate 
in excess; R. T. 

Ordinary precipitation cold 

44 hours at 90°C. 


0.00 

0.90 

6.60 

13 

18 hours at 90°C. 

1-2 

0 00 


n 30 


in presence of 25 cc. of alco¬ 
hol; excess calcium 

L 






♦ R. T. = Room temperature. 


oxalate was digested at 90°C. in contact with the solution from which it 
had been precipitated. 
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The amount of contamination recorded in the tables is the amount found 
in the weight of precipitate actually worked with, namely, 0.365 g. of 
calcium oxalate monohydrate. 

Table 3 gives in a concise form the amount of iodate coprecipitated under 
various conditions. 

II. COPRECIPITATION OF BROMATE, CHROMATE, AND SULFATE 

The results recorded in table 4 were obtained by precipitating under 
conditions the same as described under iodate. In the case of bromate and 
chromate 0.0025 mole of the potassium salt was present in the solution 
from which precipitation took place. The bromate content of the calcium 
oxalate was determined iodometrically (potassium iodide added first, then 


TABLE 3 

Coprecipitation of iodate 


NO 

MANNER OP PRECIPITA1ION 

MILLIMOLES OF 
IODATE COPRECIPI¬ 
TATED PER ORAM 
OP CALCIUM 
OXALATE 

MON OHYDRATE 

1 

Oxalate added to excess calcium; room temperature 

0 017 

2 

Calcium added to excess oxalate; room temperature 

0 011 

3 

Oxalate added to excess calcium; 100°C. 

0 044 

4 

Calcium added to excess oxalate; 100°C. 

0 028 

5 

Ordinary Hahn method; calcium in excess; room temperature 

0 075 

6 

Modified Hahn method; calcium in excess; room temperature 

0 09 

7 

Modified Hahn method; oxalate in excess; room temperature 

0 06 

8 

Modified Hahn method; calcium in excess; hot solution 

0 06 

9 

Modified Hahn method; oxalate in excess; hot solution 

0 017 

10 

No. 1 digested 

0*012 

11 

No 2 digested 

0 001 

12 

No. 4 digested 

0 004 

13 

No. 7 digested 

0 03 


hydrochloric acid). Only a few experiments with chromate were made. 
Chromate in the washed precipitate was determined iodometrically. 

The precipitations in the presence of sulfate were made in the same 
manner as previously described for the other anions. When it was in¬ 
tended to have calcium in excess during the precipitation, 20 cc. of 0.25 N 
ammonium oxalate were added to 24 cc. of 0.25 N calcium chloride in a 
volume of 80 cc. in the presence of 0.00100 mole of ammonium sulfate. 
The volume of the liquid after precipitation was thus 100 cc. When 
ammonium oxalate was to be in excess, 20 cc. of calcium solution were 
added to 24 cc. of diluted ammonium oxalate. The particular volume 24 
cc. was chosen in order to give an excess of 20 per cent. 

The contaminated calcium oxalate, after washing, was dissolved in 
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TABLE 4 

Coprecipitation of bromate , chromate , and sulfate 


NO. 

, - 

CONDITION OP PRECIPITATION 

COPRB- 
Cl PITATED 
BROMATE 

COPRE¬ 

CIPITATED 

CHROMATE 

COPRB- 

CTPITATED 

SULFATE 

Cc of 

0 0100 AT 
thiosul¬ 
fate 

Cc of 

0 0100 AT 
thiosul¬ 
fate 

Mg of 
CaSU4 per 
gram of 
CaOx 
H,0 

la 

Oxalate added to excess calcium; R. T. 

0 40 

0 80 

5 1 

lb 

As la, in presence of 2 grams of ammonium sul¬ 

0 2 

. 



fate 




2a 

Oxalate to excess calcium; 100°C. 

1 45* 

2 0 

13 0 

2b 

As 2a, in presence of 2 grams of ammonium sul¬ 

0 65 




fate 




3 

As 1, in presence of 25 cc. of alcohol 

1 2 

5 7 


4 

As 3, repeated at 100°C. 

2 0 



5 

Calcium added to excess oxalate; R. T. 

0 25 


2 7 

6 

As 5, in presence of 25 cc. of alcohol 

0 45 



7 

As 5, but at 100°C. 

— 

— 

5 3 

8 

As 2a, stood 1 week at R. T. before filtration 

-- 

— 

6 6 

9 

As 7, stood 1 week at R. T. before filtration 

— 

— 

1 6 

10 

Haling procedure; calcium in excess; R. T. 

2 7 

1 5 

8 8 

11 

As 10, but*at 100°C. 

1 5 

— 

10 0 

12 

As 10, oxalate in excess 

1 5 

— 

2 9 

13 

As 11, oxalate in excess 

— 

— 

1 9 

14 

Hahn's method; calcium in excess; 50 cc. of 6 AT 

5 6 

— 

— 


acetic acid; R. T.; 10 minutes 




15 

As 14, stood 18 hours at R. T. before filtration 

4 9 

— 

— 

16 

Calcium in excess; acid solution neutralized at 

— 

— 

4 2 


R. T. with dilute ammonia 




17 

As 16, but oxalate in excess 

— 

— 

1 9 


* As 2a, but with 0.006 mole of KBrO s ; coprecipitated 2.7 (cc. of 0 01 N thiosulfate). 


TABLE 5 

Coprecipitation of halides 


CONDITION OP PH8CIPITATI0N 


MO OP HALIDS PER 
ORAM OP 

CALCIUM OXALATE 
MONOHYDRATE 


Oxalate added to excess calcium chloride at 100°C. in presence 0 12-0 18 
of 5 grams of sodium chloride 

Same as 1, except 5 grams of potassium bromide present 0 2 

Same as 1, except 5 grams of potassium iodide present 0 3 

Hahn's method; calcium chloride in excess; room tempera- 0 02 

ture 

4 repeated at 100°C. 0 02 

Oxalate added to excess calcium chloride at room tempera- 0 05 

ture in presence of 35 cc. of alcohol 
Oxalate added to excess calcium chloride at 100°C. 0 1 



466 


I. M. KOLTHOFF AND E. B. SANDELL 


dilute hydrochloric acid, diluted to 50 cc., heated to boiling, and reprecipi¬ 
tated by neutralizing the acid solution with dilute ammonia. The filtrate 
from this precipitate, together with the washings, was acidified with hydro¬ 
chloric acid and one drop of the concentrated acid was added in excess. 
This solution, containing all the sulfate originally in the calcium oxalate, 
was treated with 1 cc. of 0.5 N barium chloride at 100 Q C. The barium 
sulfate was filtered off into a glass filtering crucible after standing over¬ 
night. The precipitate was dried at 125°C. and then weighed. Blanks 
run according to this procedure gave satisfactory results:—calcium sulfate 
taken, 2.1 and 4.3 mg.; found, 2.1 and 4.5 mg. respectively. 

It will be seen that the coprecipitation of calcium sulfate is quite large, 
especially in hot solution. If calcium is determined gravimetrically by 
weighing as carbonate, or oxalate (after digestion), the error produced by 
the presence of sulfate will be small enough to neglect, if the precipitation 
has been made in the usual manner by neutralizing an acid solution with 
ammonia; of course, if calcium is weighed as sulfate there will be no error. 

III. COPRECIPITATION OF CHLORIDE, BROMIDE, AND IODIDE 

The coprecipitation of these ions is so slight that no effort has been 
made to determine the exact amount. The results in table 5 were obtained 
by dissolving the washed precipitate in nitric acid, adding silver nitrate, 
and comparing the turbidity obtained with that produced with known 
amounts of halides in presence of a like amount of oxalate, nitric acid, and 
silver nitrate. The chloride content of calcium oxalate is therefore aston¬ 
ishingly small. Even in the presence of large amounts of sodium chloride 
it does not exceed 0.1 per cent. Bromide and iodide are likewise not carried 
down in appreciable amounts. 

DISCUSSION OF RESULTS 

1. All the anions here studied are more strongly coprecipitated under all 
conditions in the presence of an excess of calcium than of oxalate, a result 
in agreement with the coprecipitation rule. The effect of the lattice ion 
in excess is especially striking in the case in which the precipitation is 
carried out at room temperature in a medium containing about 30 per cent 
alcohol. In presence of an excess of calcium the amount of iodate copre¬ 
cipitated corresponds to 18.2 cc. of 0.01 N thiosulfate; in presence of an 
excess of oxalate, the amount corresponds to 3.9. Other anions show an 
analogous behavior. 

Changing the medium by the addition of alcohol or much acetic acid 
increases the amount of coprecipitation much more at room temperature 
than at 100°C. 

2. Experimentally it has been proved that the coprecipitated ions are 
in the Interior of the crystals and that only a small fraction is externally 
adsorbed. 
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3. The amount of coprecipitated iodate increases with the excess of 
calcium in the solution during precipitation and decreases with the excess 
of oxalate, a result in agreement with the rules of coprecipitation. A re¬ 
verse behavior was anticipated and found in the coprecipitation of sodium 
(preceding paper). 

4. The amount of coprecipitated iodate seems to be an exponential 
function of the iodate content of the solution. With 0.2 g. of potassium 
iodate in the solution, an amount corresponding to 1.8 cc. of 0.01 N thio¬ 
sulfate is found in the precipitate; with twenty times more iodate in the 
solution, the coprecipitated quantity increases only 2.5 times (precipitation 
at room temperature). A similar relation is found if the precipitation is 
carried out at 100°C.; although the iodate content of the solution was in¬ 
creased five times, the coprecipitated amount increased less than twofold 
(experiments 25 and 26, table 1, A). 

5. The speed of addition of reagent seems to have little if any influence 
upon the amount of coprecipitated iodate. In experiment 15 (table 1, B) 
the calcium solution was sprayed into the boiling oxalate-iodate mixture 
with an atomizer, the solution being mechanically stirred. When the 
calcium solution was added from a buret, other conditions being the same, 
and the reacting mixture just shaken by hand, approximately the same 
amount of iodate was found in the precipitate. If the precipitation is 
carried out in the ordinary way at room temperature, the amount of co¬ 
precipitated iodate seems to decrease slightly with increasing time of pre¬ 
cipitation. Here, however, we must remember that the primary precipi¬ 
tate consists of higher hydrates, which are transformed with time into the 
monohydrate, resulting probably in a release of the coprecipitated iodate. 
But even at room temperature it was immaterial whether the calcium 
solution was added in a fine spray from an atomizer or from an ordinary 
buret (experiments 2, 3, and 13, table 1, B). 

6. The maximum amount of anion coprecipitation is found by precipita¬ 
tion at room temperature from extremely dilute solutions (modification of 
F. L. Hahn's procedure). In spite of smaller crystallization velocity, and 
consequently the separation of much larger crystals than in the ordinary 
method, the greatest anion coprecipitation is obtained here. The amount 
of contamination is particularly large if approximately 25-30 per cent acetic 
acid is present during the precipitation (experiment 6, table 1, C). In a 
general discussion of the phenomena of coprecipitation (1) it was predicted 
that the amount of coprecipitation will increase to a maximum with ir- 
creasing crystal size, this maximum being reached at a relatively small 
crystallization velocity. Further decrease of the latter will lead to dimin¬ 
ishing coprecipitation. This maximum will not be reached at the same 
crystallization velocity for various ions, for the speeds of adsorption, ad- 
sorbability, and replacement by lattice ions are different for the various 
ions. From the result of experiment 9 (table 1, C) it is seen that the 
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amount of coprecipitated iodate increases to a maximum with increasing 
crystallization velocity. If the latter is still further decreased by working 
at 100°C., according to Hahn's procedure, the iodate coprecipitation dimin¬ 
ishes, although the adsorbability of the iodate ion on calcium oxalate seems 
to be of the same order at 100°C. as it is at room temperature. 

7. In agreement with the results obtained in the study of the alkali co¬ 
precipitation, it is found that digestion of the precipitate in the mother 
liquor before filtration results in a purification of the crystals (see table 2). 
If the primary precipitate consists of relatively large crystals (2 microns or 
more), part of the coprecipitated ions are lost by effusion through the capil¬ 
laries of the crystalline particles. However, no adsorption equilibrium is 
reached, since most of the contaminant in the interior is no longer in open 
communication with the outside of the crystals. Again, the most effective 
method of obtaining pure crystals is precipitation from relatively concen¬ 
trated weakly acid solutions (pH 4 to 6) at room temperature followed 
by digestion overnight. The purification is extremely pronounced when 
about 25 per cent alcohol is present during the precipitation. It was found 
that a precipitate thus formed at room temperature contained iodate 
corresponding to 18.2 cc. of 0.01 N thiosulfate, and after digestion (experi¬ 
ment 13, table 2) only 0.3 cc. 

If the precipitates are allowed to stand in contact with the mother liquor 
at room temperature before filtration, a distinct purification is noticed if 
they have been formed at this low temperature from relatively concen¬ 
trated solutions. This purification process is to be attributed to trans¬ 
formation of the higher hydrates into the monohydrate accompanied by 
an entire structural rearrangement (compare experiments 1 and 7, table 
1, B). Precipitates formed at 100°C. and aged at room temperature under¬ 
go little change, these conditions not being favorable for a recrystalliza¬ 
tion; therefore, no distinct decrease in the amount of iodate coprecipitated 
is noticed with the time of standing (experiment 12, table 1, A). 

8. The coprecipitation of anions decreases in the order: iodate > chrom¬ 
ate, sulfate > bromate> chloride, bromide, and iodide. The coprecipita¬ 
tion of the halides is negligibly small under all conditions, but that of sulfate 
may be of practical significance. 

9. The coprecipitation of bromate is decreased by the presence of sulfate 
(table 4, experiments lb and 2b), showing again that a coprecipitation of 
two ions of the same electrical sign may take place simultaneously. A 
similar result was found in the study of coprecipitation of cations. 

10. All the anions here studied show the same behavior of being more 
strongly coprecipitated from hot solutions than from cold. Exactly the 
opposite result was obtained in a study of the coprecipitation of alkali ions 
with calcium oxalate. 

11. It is of interest to compare the results of the studies on the copre- 
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cipitation of cations and anions with calcium oxalate with the postulates 
of the coprecipitation rules derived theoretically (1). 

(a) In agreement with the rules it is found that a greater amount of a 
foreign cation is carried down by the precipitate if an excess of lattice 
anion is present during the precipitation, the amount of coprecipitation 
increasing with the concentration of lattice anion in the solution and di¬ 
minishing with decreasing concentration of the latter. In the coprecipita¬ 
tion of anions just the reverse behavior is found, entirely in harmony with 
the rule. 

(b) The occlusion of foreign ions is to be attributed to an adsorption 
during the growth of the crystals; the order of adsorption and coprecipita¬ 
tion is identical. 

(c) The amount of foreign material in a precipitate decreases with the 
time of digestion before filtration. If the primary precipitate consists of 
very finely divided particles a slow recrystallization takes place, during 
which adsorption equilibrium is established. In the case of calcium oxa¬ 
late, the purification is favored by the transformation of higher hydrates 
into the monohydrate, at least if the primary precipitate was formed at 
room temperature from relatively concentrated solutions. If the original 
precipitate is of such size that its solubility approaches that of the macro¬ 
crystals, an effusion of part of the impurities through capillaries in the 
crystals takes place during digestion. 

(d) The maximum amount of coprecipitated ions is found at a certain 
crystallization velocity. No general statements can be made with regard 
to the location of this maximum, as it may be different for each ion. Since 
there is no adsorption equilibrium during the growth of the crystals, the 
crystallization velocity alone, other factors being the same, will not deter¬ 
mine the amount of coprecipitation, as the speed of adsorption and de¬ 
sorption, the influence of the temperature on these, the adsorbability of the 
ions, and the competition between the lattice ions and foreign ions of the 
same sign to be adsorbed at the surface of the growing particles may be 
different for each case. 

Therefore no general predictions can be made at the present time regard¬ 
ing the influence of temperature upon the coprecipitation. It is striking 
that all cations studied are less, and the anions more, strongly copre¬ 
cipitated at higher temperatures than at room temperature. 

(e) It should finally be mentioned that the interpretation of the phe¬ 
nomena of coprecipitation with calcium oxalate, if the lattei is formed at 
room temperature from relatively concentrated solutions, is complicated 
by the fact that higher hydrates are formed, which are more or less readily 
transformed into the monohydrate. It appears that calcium oxalate is 
not the most favorable precipitate for a systematic study of coprecipitation 
phenomena; the investigations will be continued with other substances. 

THB JOURNAL OF PHYSICAL CHEMISTB1 , VOL XXXVII, NO 4 
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TABLE 6 

Oxalate content of calcium oxalate precipitate 


MO. 

METHOD OF PRECIPITATION 

OXALATE CONTEXT 
OF PRECIPITATE 
WITH RESPECT TO 
CALCIUM 



per cent 

1 

40 cc. of ammonium oxalate added to 48 cc. of calcium chloride 
in a total volume of 160 cc.; room temperature; filtration 
and washing required several hours 

100.76 

2 

40 cc. of calcium added to 48 cc. of oxalate in a total volume of 
160 cc.; R. T. 

100.55 

3 

1 repeated at 100°C. 

99 50 

4 

2 repeated at 100°C. 

99 60 

5 

50 cc. of 0.25 N calcium added rapidly dropwise to 350 cc. of 
solution at 100°C. containing 50 cc. of 0.50 N oxalate 

100 0 

6 

Precipitation according to Hahn; 50 cc. of calcium and 49 cc. 
of oxalate added simultaneously to 200cc. of water at R. T.; 
calcium solution kept 1 cc. in excess; time of precipitation, 
20 minutes 

99 50 

7 

As in 6, except that oxalate was in excess, i.e , 50 cc. of oxalate 
and 49 cc. of calcium used 

99 95 

8 

Precipitation according to Hahn in hot solution (100°C. at be¬ 
ginning); calcium solution kept about 2 cc. in excess; total 
of 51 cc. of calcium and 49 cc. of oxalate used; time, 15 to 20 
minutes 

99 30 

9 

8 repeated with oxalate in excess; other conditions precisely 
the same 

99 52 

10 

Precipitation according to Hahn in acid solution; 49 cc. of cal¬ 
cium and 51 cc. of oxalate added simultaneously to 200 cc. of 
water at R. T., containing 2.0 cc. of concentrated hydro¬ 
chloric acid; oxalate was kept 2 cc. in excess; no precipitate 
appeared until more than 10 cc. of oxalate had been added; 
time of precipitation, nearly 15 minutes 

99 94 

11a 

Precipitated as in 1, then digested at 100°C. for 24 hours 

99 86 

lib 

Same as 11a 

99 71 

12 

Precipitated as in 8, then digested at 100°C. for 24 hours 

99 54) 

99 73/ 

13 

Precipitated as in 3 and then digested at 100°C. for 24 hours 

99 58 

14 

Precipitated as in 4 and then digested at 100°C. for 24 hours 

99 73 

15 

Precipitated as in 1; 20 cc. of 0.10 N hydrochloric acid then 
added and the mixture digested at 100°C. for 24 hours 

100 06 

16 

Precipitated as in 2; 20 cc. of 0.10 AT hydrochloric acid then 
added and the mixture digested at 100°C. for 24 hours 

100 31 

17 

Precipitation made as in 1; precipitate was then allowed to 
stand in solution from which precipitated for 9 weeks 

99 66 

18 

40 cc. of oxalate added to 48 cc. of calcium in 160 cc. of solution 
containing 1 cc. of 4 N acetic acid, at R. T., then digested at 
100°C. for 18 hours 

i 

100 20 
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THE OXALATE CONTENT OF CALCIUM OXALATE PRECIPITATES 

The results of the investigation of the oxalate content of the calcium 
oxalate precipitate in which the effect of such factors as temperature, order 
of precipitation (calcium or oxalate in excess), speed of precipitation, and 
the like were considered in a systematic way, are given hereunder. 

The calcium chloride and ammonium oxalate solutions used were both 
0.25 N; they were prepared from the best reagents obtainable. Precipita¬ 
tions were made, in general, either by the ordinary method or by that of 
F. L. Hahn. In the ordinary precipitations, the salt in excess was always 
contained in the precipitating vessel and the other solution was added to 
it dropwise from a buret with efficient hand agitation. The excess of cal¬ 
cium or oxalate, as the case required, present finally was 20 per cent. The 
volume of water originally present was such as to make the final volume 20 
cc. By the method of Hahn is meant that mode of precipitation in which 
calcium and oxalate solutions are slowly added simultaneously from respec¬ 
tive burets to water (or some other solution) at such a rate that one of the 
precipitants is kept about 1 cc. in excess of the other during the whole 
precipitation. Glass or porcelain filtering crucibles were used exclusively 
for collecting the precipitate. The precipitate was washed with cold 
water if the precipitation had been made in the cold, and with hot water 
if the precipitate had been formed at higher temperatures. Each precipi¬ 
tate was usually washed with ten portions of water of a few cubic centi¬ 
meters each. The precipitate was divided into two parts after drying: in 
one, oxalate was determined by titration with tenth-normal potassium per¬ 
manganate; and in the other, the actual amount of calcium present was 
found by converting the oxalate to sulfate. Further particulars regarding 
the precipitations will be found in table 6 which summarizes the results 
of the systematic study. 


DISCUSSION 

The interpretation of the preceding results does not present any particu¬ 
lar difficulties. Calcium oxalate formed in neutral solution is always con¬ 
taminated with calcium hydroxide. The oxalate content of a precipitate 
formed in the cold is larger than 100 per cent, but this is accounted for by 
the strong coprecipitation of ammonium oxalate at this temperature, which 
is sufficient in amount to overbalance the deficiency caused by the simul¬ 
taneous coprecipitation of calcium hydroxide. Such a precipitate on 
digestion easily loses the occluded ammonium oxalate (see previous paper 
on coprecipitation of alkalies) but not the calcium hydroxide, which appears 
to be tenaciously held by calcium oxalate, and therefore the oxalate con¬ 
tent of the precipitate falls below the theoretical. A precipitate formed 
in hot solution shows a deficiency in oxalate before digestion because 
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ammonium oxalate is not carried down to any extent at this temperature; 
the oxalate content after digestion is sensibly the same as before. The 
precipitates formed slowly according to the procedure of Hahn also contain 
hydroxide, but to quite different extents depending upon the manner pf 
precipitation. The contamination is greatest at 100°C. in presence of 
excess calcium and slightly less with excess oxalate. At room temperature 
a large coprecipitation occurs in presence of excess calcium, but the com¬ 
position of the precipitate is nearly the theoretical when oxalate prepon¬ 
derates, just as would be expected. Hahn’s precipitate formed in dilute 
acid solution is found to have the theoretical oxalate content within the 
limits of experimental error. If a precipitate thrown down at room tem¬ 
perature is digested in the presence of dilute acid, it loses all the hydroxide 
and gives crystals containing a slight excess of oxalate, probably in the 
form of oxalic acid. Finally, a precipitate formed at room temperature 
and allowed to stand in the solution from which precipitated loses ammo¬ 
nium oxalate and shows the same deficiency in oxalate as the digested pre¬ 
cipitate (transformation of higher hydrate into monohydrate). 

It was found that calcium oxalate tends to be contaminated much more 
strongly by hydroxide, or basic oxalate, than by acid oxalates or oxalic 
acid (to be described in an analytical paper). This behavior is readily 
understandable when it is recollected that calcium hydroxide is sparingly 
soluble. Hydroxide is so strongly adsorbed by calcium oxalate that re¬ 
crystallization is not of much avail in producing a pure crystal. The 
decreasing solubility of calcium hydroxide with rise in temperature may 
contribute to the failure of the recrystallization method. Digestion in 
presence of dilute acid, however, removes the hydroxide. 

SUMMARY 

1. The coprecipitation of anions with calcium oxalate decreases in the 
order: iodate> chromate, sulfate > bromate> chloride, bromide, iodide. 
The coprecipitation of the halides under all conditions is negligibly small; 
that of sulfate may be of practical importance analytically. 

2. All anions studied are more strongly coprecipitated in the presence 
of an excess of calcium than of oxalate, the amounts increasing with the 
excess of calcium and decreasing with excess of oxalate in the solution. 

3. All the anions are more strongly coprecipitated from hot solutions 
than from cold, a behavior just the reverse of that shown by the cations. 

4. It has been shown that a coprecipitation of two anions may take 
place simultaneously. 

5. The amount of coprecipitated iodate is an exponential function of the 
concentration in the solution during the precipitation. 

6. The maximum amount of coprecipitation of iodate has been found at 
a relatively small crystallization velocity. 
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7. The speed of addition of reagent seems to be of little influence upon 
the amount of coprccipitated iodate. 

8. Hydroxyl ions are strongly adsorbed by, and coprecipitated with, 
calcium oxalate. Even on mixing neutral solutions of calcium chloride 
and alkali oxalate a coprecipitation of calcium hydroxide, to be attributed 
to a hydrolytic adsorption of hydroxyl ions during the precipitation, is 
found. The amount of coprecipitated hydroxyl ions increases with in¬ 
creasing alkalinity of the solution and must be considered in the volumetric 
determination of calcium as oxalate. 

9. Coprecipitated hydroxyl ions are not entirely removed by recrystal¬ 
lization, thus showing their strong adsorbability. By precipitation or re¬ 
crystallization from weakly acid medium all calcium hydroxide is removed. 

10. Again it was shown that the purest calcium oxalate is obtained if 
precipitation is made at room temperature from relatively concentrated, 
weakly acid (pH 4 to 6) solutions and digested for twenty hours thereafter. 
The calcium-oxalate ratio in such precipitates approaches within the ex¬ 
perimental error the theoretical 100.0:100.0. 

11. In a discussion of the results of the coprecipitation of cations and 
anions with calcium oxalate, it has been shown that good agreement exists 
between theory and experiment. 
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The present paper is a report on some measurements of the magnetic 
susceptibilities of solutions of hydrochloric acid and lithium chloride over 
a wide concentration range. It may be stated in advance that in the case 
of the hydrochloric acid solutions our measurements do not show the 
maxima and minima in the susceptibility-concentration plot found recently 
by Farquharson (1). Howevei, with the lithium chloride solutions there 
appear to be two definite discontinuities in the variation of the suscepti¬ 
bility with concentration. 

METHOD AND APPARATUS 

The method employed in determining the susceptibility of the solutions 
was the so-called “cylinder” method of Gouy (2). In this method a small 
glass tube, half filled with the solution, is suspended vertically from the arm 
of an analytical balance so that the lower edge of the meniscus is located in 
the middle of the pole gap of an electromagnet. When the magnetic field 
is excited there is a change in weight of the tube and its contents, which 
depends on the difference between the susceptibility of the air in the upper 
portion of the tube and the susceptibility of the solution. In order to 
eliminate the action of the magnetic field on the uniform glass tube, the 
latter was of such a length that both extremities were in a field of negligible 
intensity. 

The essential details of the apparatus used in the present measurements 
may be summarized briefly. The magnet was one giving a field of about 
5000 gauss with a current of 5 amperes passing through the coils. The 
pole pieces were conically tapered and had faces 2.5 cm. in diameter. The 
pole gap was kept constant at 1.1 cm. The cylinder which held the solu¬ 
tion was a soft glass tube, sealed at one end, 14 cm. long and 7.9 mm. in 
internal diameter. The balance was an assay balance sensitive to less 
than 0.02 mg. It was mounted on a platform above the magnet and was 
unaffected by the field. To the left pan of the balance was attached a 
silk thread which, passing through an opening in the floor of the balance 
case, served as a suspension for the cylinder. At the lower end of the 
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thread was attached a small glass plug provided with a thin rubber collar, 
over which the cylinder could be slipped and held firmly. 

The routine of the experimental procedure ‘ may be described at this 
point. To the clean and dry cylinder a measured sample of the solution 
was transferred by means of a calibrated pipette which delivered 3.428 
cc. of water. After the cylinder was attached to the suspension, its posi¬ 
tion was adjusted so that the lower part of the meniscus was at the center 
of the pole gap. The weight of the cylinder and the solution was then 
found with no current passing through the coils. Following this weighing 
the current was switched on and brought up slowly to 5 amperes. After 
an interval of one minute, which was allowed for the current and field to 
become constant, the weight of the cylinder and contents was again 
determined. When the gain in weight of the tube had been found, the 
current was cut off and the entire procedure, outlined above, was repeated 
without changing the contents of the tube. In practically every case a 
duplicate set of measurements was made with a. second filling of the tube, 
thus yielding altogether four determinations of the change in weight pro¬ 
duced by the magnetic field. Both as a check on the apparatus and for 
use in calculating the susceptibilities of the solutions, the gain in weight 
of pure water under the conditions just described was determined at 
frequent intervals during the course of the experiment. 

The specific susceptibilities of the solutions were calculated by means of 
the formula: 


Wi 1 

x 33 «—t 

Wi d 

The constant k is the volume susceptibility of the reference substance, 
water; Wi and w 2 are the gains in weight of solution and water, respectively; 
and d is the density of the solution. The standard of reference (3) for 
measurements of this type is the mass susceptibility of water at 20°C., 
—0.720 X 10“ 6 . Therefore, since all of the present experiments were 
carried out at a temperature within one-half degree of 29°C., the constant 
k has the value —0.717 X 10*" 6 . 

The density d was determined in two ways. With the hydrochloric 
acid solutions the weight of the “cylinder” was found before as well as 
after the transfer of the known volume from the carefully calibrated pipette. 
The densities calculated from these data were found to be sufficiently 
accurate. The densities of the lithium chloride solutions could not be 
measured by the foregoing procedure because of the failure of these rather 
viscous solutions to drain completely. Accordingly they were determined 
separately in a 10-cc. pycnometer bottle. 



MAGNETIC SUSCEPTIBILITIES 


477 


PREPARATION OF SOLUTIONS 

Three different series (I, II, III) of hydrochloric acid solutions were 
measured. The solutions of series I were prepared from a stock solution 
which was the middle third portion of the distillate obtained from approxi¬ 
mately 6 M acid. The stock solution II was the last quarter fraction of a 
similar distillation. The distillation apparatus in both cases consisted of a 
Pyrex, glass-stoppered distilling flask over the side arm of which was slipped 
a quartz condenser. The distillate was collected in a Pyrex bottle, and 
therefore came in contact only with Pyrex or quartz. Duplicate gravi¬ 
metric analyses of each of these stock solutions checked to within at least 
one part in five thousand and showed them to be very close to the constant 
boiling acid in strength. The various dilute solutions prepared from these 
two stock solutions were made by adding to a weighed quantity of the 
latter best thrice-distilled water. The weight of the resulting solution 
was then found and from these data the percentage composition of the 
diluted solution was calculated. The more concentrated hydrochloric 
acid solutions (III) were prepared by slowly passing dried hydrogen 
chloride gas from an all Pyrex generator directly into a weighing flask 
containing a ^veighed amount of water. The flask and contents were 
cooled with ice water during the absorption. The amount of hydrogen 
chloride gas absorbed was found from the gain in weight. 

Two different series of lithium chloride solutions were measured. The 
lithium chloride used in preparing stock solution I was purified as follows: 
c. p. lithium chloride was dissolved in best water, filtered, and precipitated 
with ammonium carbonate. The resulting lithium carbonate was washed 
by decantation ten times with distilled water and eight times with hot 
distilled water to remove ammonia ion and contaminating alkaline carbon¬ 
ates. After drying, this purified carbonate was almost completely dis¬ 
solved in best distilled hydrochloric acid. The resulting chloride was 
filtered to remove the residual carbonate and then evaporated in a quartz 
dish until crystals of lithium chloride appeared. The minimum amount 
of water required to dissolve the crystals was added and the resulting solu¬ 
tion stored in glass-stoppered Pyrex bottles. Analysis of tiiis stock solu¬ 
tion showed it to be practically saturated. The various solutions of series 
II were prepared by Mr. R. W. Wilson for another experiment and were 
generously placed at our disposal. The purification of the lithium chloride 
in this case differed from that described above in only one essential. The 
chloride obtained by conversion of the carbonate was carefully crvstal- 
lized. The crystals were washed and separated from the mother liquor by 
an efficient centrifugal process. 


RESULTS 

In table 1 are tabulated the experimental data bearing on the hydro¬ 
chloric acid solutions. The number in the first column indicates the stock 
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Specific susceptibility of hydrochloric acid solutions 


SOLUTION SERIES 

HYDROCHLORIC ACID 

-x X 10* 

II 

per cent 

6 64 

0 712 

II 

9 15 

0 710 

I 

15 00 

0 704 

I 

15 48 

0 702 

I 

15 95 

0 702 

I 

16 48 

0 700 

I 

16 83 

0 700 

I 

17 36 

0 701 

I 

17 81 

0 699 

I 

18 20 

0 698 

II 

18 53 

0 700 

I 

18 66 

0 694 

I 

19 28 

0 698 

I 

19 81 

0 696 

II 

20 19 

0 696 

III 

26 45 

0 688 

III 

27 27 

0 688 


TABLE 2 

Specific susceptibility of lithium chloride solutions 


SOLUTION SERIES 

LITHIUM CHLORIDE 

-XX10* 

II 

per cent 

4 12 

0 716 

II 

9 66 

0 712 

I 

11 02 

o 7i<r 

I 

13 88 

0 708 

II 

16 28 

0 707 

I 

17 08 

0 706 

I 

17 97 

0 705 

I 

18 74 

0 704 

II 

18 97 

0 705 

I 

19 75 

0 703 

I 

20 85 

0 699 

I 

22 59 

0 696 

II 

26 02 

0 689 

I 

32 80 

0 679 

II 

34 90 

0 678 

II 

42 08 

0 669 

I 

44 49 

0 665 


i 

from which each solution was prepared. The second and third columns 
give respectively the percentage concentration of the solutions and the 
calculated specific susceptibility. Table 2 contains the corresponding 
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data for lithium chloride. It may be noted that these tables include 
results for all the solutions which were prepared. 

In practically every case the figure given for the specific susceptibility is 
the mean result of at least four measurements of the gain in weight of the 
cylinder and solution, two each being made with separate fillings of the 
cylinder. The average deviation of the individual remeasurements 
amounts to less than 0.5 per cent. The latter figure is slightly less than 
the estimated precision of the least precise measurement, which was the 
determination of the change in weight. Since the sensitivity of the balance 
was 0.02 mg. and since the gain in weight was about 4 mg., the precision of 
this measurement would be approximately 0.5 per cent. 



Fig. 1. The Susceptibility-concentration Plots for Hydrochloric Acid and 
Lithium Chloride Solutions 


DISCUSSION 

The variation of the observed specific susceptibilities of the hydrochloric 
acid solutions with percentage concentration (figure 1) is linear within the 
limits of the experimental error, thus indicating that the susceptibilities 
of the solute and solvent are additive throughout the given range of 
concentration. If the drawn line is taken to represent the variation of (ne 
susceptibility with concentration, the specific and molar susceptibilities 
of hydrochloric acid are calculated to be -0.602 X 10" 6 and —22.0 X 
10~ 6 , respectively. These figures are identical with those obtained by 
Hocart (4) who, using the “ascension” method, claimed a precision of 0.1 
per cent. 
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The present results are not in agreement with the recent measurements 
of Farquharson (1) by a different method. The susceptibility-concentra¬ 
tion curve obtained by this investigator exhibits well-defined maxima and 
minima which occur in most cases at concentrations corresponding to 
stoichiometrical hydrates. A majority of the solutions measured in the 
present experiment fall within the concentration range (HC1 + 8H 2 0 to 
HC1 + 12H 2 0) where Farquharson found the greatest variation but, as can 
be seen in figure 1, there is no significant indication of the fluctuations to 
be expected. No explanation of the divergent results can be offered at 
this time. 

The susceptibility-concentration data of the lithium chloride solutions 
(table 2) are also shown graphically in figure 1. It is at once evident that 
the variation of the susceptibility with concentration is not uniform over 
the entire concentration range. Before considering the possible signifi¬ 
cance of this irregularity it should be noted that Ikenmeyer (5), the only 
other investigator to have measured a series of lithium chloride solutions, 
found the variation to be quite normal. Since the two sets of measure¬ 
ments deviate 1 seriously only in the more concentrated solutions, it is of 
interest to observe that a recent single measurement by Kido (6) is in 
better agreement with present values than with those of Ikenmeyer. 

A closer inspection of figure 1 shows that the variation of the suscepti¬ 
bilities of lithium chloride solutions with concentration is linear over two 
limited concentration ranges: 0 per cent to 19 per cent and from 28 per 
cent to the saturated state, 44.5 per cent. While the susceptibilities of 
the salt and water may therefore be treated as additive within the given 
limits, the susceptibility of the lithium chloride is clearly different in the 
two cases. Its two values, computed on the basis of the drawn lines, are: 

0 to 19 per cent B8 tv 44 P*r cent 

lithium chloride lithium chloride 

X - -0 637 X 10 0 -0 598 X lO' 6 

Xm - —27 0 -25 4 

If this analysis of the data is correct, the non-linear variation of suscepti¬ 
bility with concentration in the intermediate concentrations range, 19 per 
cent to 28 per cent, must be attributed to the inconstancy of the suscepti¬ 
bility of the salt solute. 

A clue to the cause of the assumed change in the susceptibility of the 
dissolved lithium chloride is to be found in the fact that the 19 per cent 
solution, which marks the upper concentration limit of one susceptibility 
value, has the composition LiCl + 10H 2 O. The concentration limit of the 

1 In view of this disagreement it may be mentioned that Reicheneder (Ann. Phy- 
sik. [5] 3 , 58 (1929)), who subsequently employed Ikenmeyer’s method to measure the 
susceptibilities of solutions of halogen acids, cricitized the method and concluded 
that it was definitely unsuited for precision measurements. 
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other susceptibility value is not so sharply defined but, from the variation 
of the susceptibility of the solute with the number of moles of water, it 
seems to be the solution (28.2 per cent) with the composition LiCl + 
6 H 2 O. This connection between the changes in the susceptibility of the 
solute and the stoichiometrical composition of the solutions suggests 
immediately that the changes result from an alteration in the degree of 
hydration of one of the ions in solution. Although hydration is doubtless 
a factor, it is probably not the only one. For, according to theoretical 
considerations of Weiss (7), the loss of water of hydration should result in 
an increase rather than the observed decrease in the apparent magnetism 
of the solute. However, if as a consequence of the loss of water of hydra¬ 
tion the non-hydrated ions become associated to form ion-pairs or clusters 
( 8 ), the argument of Weiss would require a diminution of the diamagnetic 
susceptibility of the chloride ion. Since this last factor is conceivably 
greater than the hydration factor in its effect on the susceptibility, the 
observed alteration in the diamagnetic susceptibility of the lithium chloride 
may be the net result of two different changes occurring in the solution 
state. 

Whatever the factors are that cause the susceptibility of lithium chloride 
to undergo a chaqge with concentration, they may reasonably be expected 
to affect other physical properties of these solutions. Despite the fact 
that the evidence bearing on this conclusion is very fragmentary and in 
part conflicting, it does show that the concentrated solutions of lithium 
chloride are to be regarded as abnormal. A few cases of particular interest 
may be considered. Hiittig and Keller (9) measured the densities, refrac¬ 
tive indices, and the absorption of solutions of the lithium halides at 20°C. 
The curves obtained by plotting the first two of these properties and 
coefficient of extinction against the number (n) of moles of water per mole 
of salt showed discontinuities when n = 6 , near 30, and 75. Subsequent 
measurements ( 10 ) of the refractive indices of lithium chloride solutions at 
a number of different temperatures do not indicate, apparently, the dis¬ 
continuities found by Hiittig and Keller. Further, from the variation 
with concentration of the apparent molal volume of lithium chloride in 
solution ( 11 ) it is clear that the variation of the density of these solutions 
with concentration undergoes an abrupt change at the same concentration 
observed in the susceptibility measurements, namely, n = 10 . Moreover, 
since the densities of the more concentrated solutions are larger than those 
which would follow from the variation of this property in dilute solutions, 
it may be supposed that the change in the solution state above the critical 
concentration is not simply the breakdown of a “chemical” hydrate. 
Whether there is another discontinuity at n = 6 cannot be ascertained 
from the available data. While the apparent molal volume method gives 
a result different from that obtained by the less sensitive method of Htittig 
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and Keller, it does confirm their conclusion in the case of lithium bromide 
and possibly lithium iodide solutions that the density-concentration varia¬ 
tion has a discontinuity at the concentration n = 6. Finally, in support 
of the supposition that in the concentrated solutions of lithium chloride 
the ions are in partial contact as ion-pairs an experiment by Blair and 
Schofield (12) may be mentioned. According to these investigators the 
flow-pressure curve of an almost saturated solution of lithium chloride 
is decidedly anomalous. Their results they interpret to mean that “small 
strains are not dissipated immediately during the flow, which may well be 
due to the persistent tendency of the ions to maintain a non-random 
distribution.” 

In conclusion the writers wish to acknowledge the generous advice and 
assistance which they have received from Professor Claude W. Heaps. 
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THE OXIDES AND HYDRATES OF ALUMINUM 

JUNIUS D. EDWARDS and MARTIN TOSTERUD 
Aluminum Research Laboratories, New Kensington, Pennsylvania 
Rtceivtd February t7, 193S 

The oxides and hydrates of aluminum have been the subject of many 
investigations because of their commercial importance and scientific 
interest. The apparent multiplicity of forms in which they occur, how¬ 
ever, has led to much confusion in their identification. A recent 
contribution from Weiser and Milligan (l) is indicative of this situation. 
After reviewing part of the literature and describing their experimental 
work, they reach the conclusion that there is only one crystalline mono¬ 
hydrate of aluminum, namely, diaspore. The form which a number of 
other workers have characterized as monohydrate and an isomer of diaspore, 
they decide is either a new form of alumina, which they call delta-alumina, 
or perhaps a hemihydrate. This conclusion seems likely to be untenable, 
once all the facts ft re considered. 

Probably Weiser and Milligan were unaware of the contribution on this 
subject published in “The Aluminum Industry—Aluminum and its Pro¬ 
duction’’ (2). The various forms of oxides and hydrates are there described 
with information regarding the monohydrates and methods of producing 
one of them. A brief review of these forms will be given before presenting 
additional evidence for the existence of the two forms of monohydrate. 

ALUMINA 

Corundum is the naturally occurring form of alumina,—Al 2 (> 3 , or alpha- 
alumina, as it is commonly designated. Alpha-alumina is formed by 
heating any of the hydrates of aluminum to a sufficiently high temperature 
and is also the form commonly taken by fused alumina upon solidification. 

Alumina may be produced in another form known as beta-alumina, by 
fusing alumina with small amounts of magnesia or sodium carbonate. 

A third crystalline form of alumina, which is of considerable interest, 
is designated gamma-alumina. When aluminum rnonohydrate or trihy¬ 
drate is dehydrated by heating, the product first formed is amorphous. 
With continued heating at higher temperatures of about 500°C., a new 
crystalline phase begins to appear, which has been identified by its x-ray 
pattern and named gamma-alumina. Continued heating at higher tem¬ 
peratures—above about 1200°C.—results in its conversion into alpha- 
alumina. 


483 



484 


JUNIUb D LDWARDS AND MARTIN TOSTLRUD 


A fourth crystalline foim of alumina has been reported by Barlett and 
designated as zeta-alumina (3) 

AM MINIM HYDRAI kb 

Then* are two well-recognized and identifiable hydrates of aluminum, 
namely, the tnhydrate and the monohydrate, and two crystal forms of 
each 

Aluminum tnhydiate occurs in nature as the mineral gibbsite, which is 
found also in many types of bauxites This hydrate, designated alpha- 
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tnhydiate («-A1 2 Oi dll 2 ()), is the product produced by auto-precipitation 
from sodium illuminate solutions, as in the Bayer process 

Another crystalline tnhydiate, designated as beta-tnhydratc, can be 
produced by sat uniting sodium aluminate solutions with carbon dioxide 
under certain conditions, and by other precipitation methods Beta- 
tnhydrate shows a diffeient x-ray pattern than the alpha-tnhydrate and 
differs also fiom it in solubility It appears to be a metastable phase, 
and goes over to the alpha foim on continued shaking or long standing in 
contact with alkali 
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Aluminum monohydrate, in the form known as alpha-monohydrate, is 
found in many bauxites, of which the French bauxites are typical. Alpha- 
monohydrate can be produced by heating alpha-trihydrate with alkali or 
water under pressure. 

Another crystalline form of monohydrate is the mineral diaspore, and 
this form—carrying out the nomenclature previously employed—has been 
termed “beta-monohydrate.” Beta-monohydrate has not yet been made 
synthetically, and we have not investigated it other than to make an x-ray 
pattern of a typical sample. 

The x-ray patterns, according to the powder method, given by the 
various forms of alumina and the hydrates, are shown in figure 1. 

THE MONOHYDRATES 

Weiser and Milligan's conclusion that there is no monohydrate other 
than diaspore, is controverted by the fact that millions of tons of the alpha- 
monohydrate, described above, are found in nature (4), and by its syn¬ 
thetic production on a large scale. Its crystal pattern, as will be seen from 
the figure, corresponds to the so-called delta-alumina of Weiser and 
Milligan. 

When the trihydrate is heated in water containing small amounts of 
sodium hydroxide, it is rapidly converted into alpha-monohydrate (5). 
For example, alpha-trihydrate, when heated for about twenty hours, more 
or less, in a solution of sodium hydroxide at a temperature of about 170°C., 
is converted substantially to monohydrate. The product, after washing 
and drying at 105°C., has a water content of about 16 per cent (AlaOa-HaO 
= 15 per cent H 2 0). In this method the water content is reduced from the 
34.6 per cent of the trihydrate to 16 per cent by heating in water. Appar¬ 
ently the product contains a small amount of adsorbed water. The 
monohydrate also may be approached from the other direction. The 
trihydrate was heated in air at 600°C. for one hour and the water content 
was reduced to 1.6 per cent; on x-ray examination this product showed 
the presence of some gamma-alumina but no other x-ray pattern. This 
dehydrated product was then digested in water plus sodium hydroxide 
at 150°C. for about fifteen hours, washed and dried at li)5°C. This 
product had a water content of about 16 per cent and showed only the 
x-ray pattern we attribute to alpha-monohydrate. These experiments 
offer definite evidence of the existence of Ihe alpha-monohydrate. 

If a small amount of trihydrate is heated in air, most of it decomposes to 
an amorphous form, but if it is heated in sufficient bulk so that enough 
water vapor stays in contact with the material, some recrystallization to 
alpha-monohydrate may occur, but usually only a small percentage is so 
converted. The water content of the mixture can be reduced to 15 per cent 
or to 10 per cent, or to other values by changing the time and conditions 
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of heating. Since an amorphous phase does not produce a diffraction 
pattern, the pattern of such a mixture is that of the monohydrate phase. 

Very long aging in water at 100°C., as shown in Weiser and Milligan's 
experiment of aging for 1009 hours, will produce some alpha-monohydrate 
from amorphous alumina (their table 7 and figure 7). Weiser and Milli¬ 
gan's product, treated in this manner after drying at 50°C., had a water 
content of 19.35 per cent, and after heating for three hours in air at 160°C., 
it had a water content of 10.38 per cent. This product they considered 
to be either a new form of alumina with adsorbed water, or perhaps a hemi- 
hydrate. A mixture of about 70 per cent alpha-monohydrate with 30 per 
cent of amorphous alumina would have a water content of 19.50 per cent 
if the amorphous phase carried about 30 per cent adsorbed water. Upon 
drying such a mixture at 160°C., the adsorbed water would probably be 
substantially all removed without affecting the combined water of the very 
stable monohydrate, and the mixture would apparently have a combined 
water content of about 10.5 per cent. Here again, the amorphous phase 
does not produce a diffraction pattern, and the pattern of such a mixture 
is that of the monohydrate phase. Weiser and Milligan's conclusion that 
their “delta-alumina" is not a monohydrate seems to have come from the 
assumption that they had only one phase in their mixture dried at 160°C. 
(water content 10.38 per cent), since they got only one crystal pattern from 
such a mixture. 

Confirmatory evidence for the existence of the alpha-monohydrate, as 
made by Tosterud's method, is presented by the thermal arrests observed 
on heating. If about 100 g. of the compound are placed in a crucible 
and heated in an electric furnace, an interesting series of observations is 
obtained from a sensitive thermocouple inserted in the mass. The tinte- 
temperature curve is smooth (see “C," figure 2) until a temperature 
of about 450°C. is reached, when an arrest showing heat absorption is 
recorded. This is the point where rapid decomposition of the monohydrate 
occurs. If trihydrate is heated, a similar decomposition point is observed 
at about 300°C. The decomposition point of the monohydrate is just as 
characteristic and reproducible as that for the trihydrate. Of course, the 
trihydrate and monohydrate will lose some water on heating at tempera¬ 
tures below these points, but the decomposition becomes quite rapid at the 
temperature range in question. The monohydrate is more stable at 
elevated temperatures than the trihydrate. The evidence for the exist¬ 
ence of the alpha-monohydrate is just as complete, and parallels that for 
the alpha-trihydrate. Similar thermal arrests have been recorded by 
others in experiments of this character. 

In figure 2 are also given heating curves for bauxites of two types. One, 
a trihydrate bauxite, gives a thermal arrest at about 250°C., and the 
other, a monohydrate bauxite, gives an arrest at about 425°C. The 
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arrests observed with bauxites are usually somewhat lower than those 
observed with the pure hydrates. Other bauxites are known which con¬ 
tain both monohydrate and trihydrate, and the heating curves show both 
arrests. Furthermore, a heating curve made with trihydrate, if carried 
high enough and under proper conditions, sometimes shows a slight 
arrest at about 450°C., indicating the formation of some monohydrate 
from the trihydrate during the heating, but a curve made with pure 
monohydrate never shows the lower arrest. 

The samples prepared by Weiser and Milligan according to Hiittig's 
procedure (K/, Ki", K 2 , K 8 , K 4 and L s , figure 6) have an x-ray pattern 
which corresponds very closely to that of beta-trihydrate given in our 



Fia. 2. Heating Curves 

A, aluminum trihydrate; B, Arkansas bauxite; C, aluminum monohydrate; D, 
French bauxite. 

figure 1. Additional discussion of beta-trihydrate is given in the article 
(2) previously referred to. 

While we have made no investigation of other forms of hydrate reported 
in the literature and reviewed by Weiser and Milligan, it seems quite likely, 
as they have concluded, that they are mixtures of other known hydrates, 
or incompletely crystallized products. Crystallization or recrystallization 
from a solid phase is attended with more difficulties than crystallization 
from a solution. In the conversion of precipitated amorphous alumina to 
a crystalline hydrate, there may be lines appearing in the x-ray diffraction 
pattern, or differences in the intensity of lines, which are caused by some 
incompletely crystallized product, and which can hardly be said to repre¬ 
sent a new hydrate. 
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The x-ray data contributed in this paper are the work of W. L. Fink and 
K. R. Van Horn. 


SUMMARY 

There is a monohydrate of aluminum, A1 2 (VH 2 0, other than diaspore, 
and it is found widespread in nature and is being made commercially. 
Its existence can be demonstrated by chemical analysis, x-ray diffraction 
patterns, and thermal analysis. 

Other forms of alumina and its hydrates are briefly reviewed. 
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A steady current is quite essential for precise potentiometric measure¬ 
ments (1). We observed that storage batteries gave a fairly constant cur¬ 
rent for certain portions of the discharge but were quite sensitive to 
temperature variations. This suggested the idea of using the combination 
due to E. Weston (U. S. patent 294824), Cd Am / CdS0 4 (saturated at 
4°C.) / Hg 2 S0 4 / Hg, which has practically no temperature coefficient of 
e.m.f. for ordinary temperature ranges. We made two of these batteries 
with cathode areas of 100 cm. 2 , which when closed in series over a potenti¬ 
ometer current of 20,000 ohms gave us a current which was exceedingly 
constant for hours at a time, requiring no adjustment of the regulating 
resistance, and permitted measurements of e.m.f. to microvolts. 

After a few months use the above batteries showed a markedly decreas¬ 
ing e.m.f., but on adding some sulfuric acid to the neutral electrolyte the 
e.m.f. soon returned to normal and remained quite constant, indicating 
that an acid electrolyte is essential to prevent the hydrolysis of the mercu¬ 
rous sulfate and resulting disturbances. 

At that time we gave most attention to the area of the cathodes and 
concluded that 100 cm. 2 cathode area would deliver satisfactorily one-tenth 
of a milliampere. Now we have obtained more experience and informa¬ 
tion about these batteries and find that attention should also be given to the 
polarization at the anodes of these batteries. Indeed the anode polariza¬ 
tion appears to be the greater and we have sought for the most suitable 
ratio of anode and cathode areas for a desired current. 

To this end we made standard batteries as follows. A 30-cm. (diameter) 
crystallizing dish was used and enough mercury added to cover the 
bottom of the dish. For the anode we used a 19-cm. “petri” dish that has 
a depth of only about 15 mm. and was partly filled with a 10 per cent 
cadmium amalgam. This anode was supported above the mercury 
cathode on a tripod made from glass rods. To further increase the 
anode area we stacked up several of these dishes, separating them by glass 
triangles made from 4-mm. glass rods. This battery was also provided 
with an independent small reference anode 1.5 cm. in diameter, so as to 
measure the polarization of anode or cathode independently when the 
battery was delivering a current. 
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Any current from these batteries will cause some polarization so that 
there is a drop in the e.m.f. if one is measuring to microvolts, but the drop 
occurs in less than one-half a minute and then the e.m.f. and current re¬ 
main quite constant and satisfactory. When the current is interrupted 
these batteries soon regain their original e.m.f., even though they have been 
short-circuited and have delivered a much greater current than they were 
designed to give. Indeed, these batteries may serve as a quite satisfactory 
laboratory standard of e.m.f. which is independent of ordinary temperature 
changes, but they must be calibrated if one is concerned with the fourth 
decimal place in voltage. 

To test the possibilities of these batteries we constructed two units as 
described below with cathode area of 666 cm. 2 On a low glass tripod was 
placed a petri dish half-filled with 10 per cent cadmium amalgam with an 
anode area of 40.8 cm. 2 A pilot anode served to determine separate 


TABLE 1 


TIME 

VOLT AOl 


Pa 

minutes 

0 

mmv 

1 , 018,100 

0 

0 

1 

1 , 017,946 

—4 

-150 

2 0 

1 , 017,951 

-7 

-142 

3 0 

1 , 017,952 

-7 

-141 

5 0 

1 , 017,945 

-7 i 

-148 

10 

1 , 017,950 

-6 

-144 

15 

1 , 017,945 

-9 

-146 

20 

1 , 017,946 

-7 

-147 

25 

1 , 017,946 

-8 

-146 

30 

1 , 017,945 

-8 

* 

r- 

T—1 

1 

1 

1 


polarizations. This battery showed a voltage of 1,018,100 microvolts and 
when closed over 20,000 ohms, promptly fell to 1,017,960 mmv. and was 
observed for 30 minutes with the results shown in table 1. All results are 
expressed in microvolts or 10“ 6 international volts. 

Table 1 gives some interesting and unexpected results. The polariza¬ 
tion at the 40.8 cm. anode area was some 147 mmv. for a current of 0.0001 
amp., while at the 666 cm. 2 cathode the polarization was only 7 mmv. 
We had expected quite different results, so we replaced the 40.8 cm. 2 
anode petri dish with one with an area of 293 cm. 2 , but the anode still 
showed markedly greater polarization than the cathode. So we proceeded 
to stack up four of the anode dishes, giving a total anode area of 1300 cm. 2 
to 666 cm. 2 cathode area. The anodes were connected together and acted 
as a unit, while the 1.5 cm. 2 pilot anode served to measure the polarization 
of both anode and cathode. The results are given in table 2. The 
polarization of the anode with about twice the area of the cathode is still 
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somewhat greater than the cathode, but this battery with an anode area 
some twice as great as the cathode area seems to be a satisfactory one. 
We proceeded to get more detailed information on it. Measurements 
such as those in tables 1 and 2 were made when the above battery was 
closed over various resistances and the results are summarized in table 3. 


TABLE 2 

Cathode area 666 cm.* Anode area 1300 cm.* 5000 O 0 0002 Ampere | 11 


TIME 

pa 

P C 

P Dell 

BMP CELL 



mmv 

mmv 

mmv 

0 

0 

0 

0 

1,017,687 

1 

— 109 

-81 

-189 

1,017,498 

3 

-110 

-82 

-192 

1,017,495 

5 

-108 

-82 

-190 

1,017,497 

10 

-108 

-91 

-199 

1,017,488 

15 

o 

rH 

1 

-95 

-199 

1,017,488 

20 

-106 

-91 

-197 

1,017,490 

25 

-107 

-94 

201 

1,017,486 

30 

-101 

-101 

202 

1,017,485 


-105 

-92 


1,017,489 db 3 


TABLE 3 


Battery No. 2 Anode 1300 cm.* Cathode 666 cm.* 


INITIAL BMP 

RESISTANCE 

CUIIRFNT 

AVFRAOK KM* 

POK HAIP-HOUR 

VARIATION OP 
» M F IN MMV 
OVER ONB HALP- 
HOUR 

mmv 

ohms 

milliamperes 

mmv 

mmt 

1,017,687 

.5000 

0 2 

1,017,490 

±3 8 

1,017,678 

3000 

0 33 

1,017,371 

db3 1 

1,017,681 

1000 

1 0 

1,016,806 

±7 0 

1,017,688 

500 

2 0 

1,016,000 

±5 0 

1,017,667 

250 

4 0 

1,014,371 

db3 2 

1,017,711 

150 

6 67 

1,012,302 

d=l 5 

1,017,698 

100 

10 0 

1,009,786 

±3 0 

1,017,719 

50 

20 0 

1,002,453 

rfclO 0 


The above results show a quite satisfactory performance. The polariza¬ 
tion of course increases with the current drawn, but variation of the current, 
for the first half hour, decreases with increasing current; above 10 mil- 
liam peres it begins again to increase. With 150 ohms in circuit, or a cur¬ 
rent of 6.67 milliamperes, the variation of the current was only 1.5 parts 
in a million. This is a current of 1 milliampere for 100 cm. s of cathode 
area and 200 cm. 1 anode area, and represents the best performance. Even 
with a discharge of 20 milliamperes we had a constancy of one part in 



492 


E. B. ELLIOTT AND G. A. HULETT 


100,000, a constancy that is quite unapproachable with any other battery 
or source of current. 

Our experience and observations suggest the following specifications for 
these standard batteries. Owing to the size and structure of standard 
batteries they are not readily movable and so are best set up when they 
are to be used unless it is feasible to “wire” them to the point of use. 

A satisfactory unit may be made in a 30-cm. diameter crystallizing dish, 
some 15 cm. deep, and with a flat bottom so that a minimum of mercury 
will continuously cover the bottom. Some 5 kilograms of mercury will 
be satisfactory. The best grade obtained from supply houses will suffice. 
The electrolyte should be acid by some 0.08 molar sulfuric acid and satu¬ 
rated with cadmium sulfate at approximately 4°C. Add 400 cc. of 1.84 
density sulfuric acid to 4000 cc. of water and in this dissolve 5 kilograms 
of a good grade of CdS0 4 -8/3 H 2 0. The rate of solution of cadmium 
sulfate is remarkably slow, but overnight agitation with a motor-driven 
stirrer is effective. This gives some 5.4 liters of the electrolyte and covers 
the mercury in the 30-cm. dish to a depth of some 8 cm. From glass rods 
one may readily construct a low form of tripod that will support a 19-cm. 
petri dish a couple of centimeters above the mercury surface. The 19-cm. 
petri dishes are filled with enough 10 per cent cadmium amalgam to cover 
the bottom (some two kilograms of 10 per cent amalgam for 19-cm. petri 
dish). Four such dishes are stacked on the tripod, separated by triangles 
made from 5-mm. glass rods or tubes. 

The amalgams are all connected to one binding post, while a wire pro¬ 
tected by a glass tube connects the mercury cathode to the positive binding 
post. This mercury cathode is to be covered at all points with a thin 
layer of mercurous sulfate. The depolarizer requirements are not as 
exacting as for standard cells. The crystalline product (2) gives some¬ 
what the best results, but the electrolytic product (3) is good, as is also the 
chemically prepared. One needs some 40 g. of mercurous sulfate for 100 
cm 2 cathode area, so our unit in a 30-cm. dish requires some 300 g. of mer¬ 
curic sulfate. 

This may be made elect roly tically (3), or satisfactorily as follows. To 
a liter of water in a suitable Erlenmeyer flask add 100 cc. of sulfuric acid 
(density 1.84), and in this dissolve 360 g. of mercuric sulfate (HgS0 4 ). 
From a tank of the liquid, bubble sulfur dioxide into this solution, reducing 
the mercuric sulfate, which at once begins to precipitate as a white product. 
When the mercuric sulfate is all reduced the sulfur dioxide begins to reduce 
mercurous mercury in fine globules. This finely divided mercury becomes 
entangled in the precipitate and gives it a gray color. When the product 
is a good slate gray the flow of sulfur dioxide is stopped, and the flask 
placed on a water bath with a motor driven stirrer. About 50 cc. of 
mercury was added to the system, which may be stirred at water bath 
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temperature overnight. This permits the very fine globules of mercury, 
which have a greater solution tension than mercury (owing to surface 
tension) to go into solution and separate out on larger globules. Also 
there is a considerable recrystallization of the mercurous sulfate, owing 
to surface tension effects (4). This gives some 300 g. of mercurous sul¬ 
fate, which is brought on to a Buchner filtering funnel, and the acid re¬ 
moved from it by suction. The cake of mercurous sulfate is just covered 
with a minimum of the electrolyte in which it is to be used, and this is 
drawn through with good suction, repeating two or three times. The 
cake is readily removed, freed from the filter paper and brought into the 
battery, where it disintegrates and tends to spread on the mercury cathode 
so that a satisfactory layer of the depolarizer is readily attained. When 
the anodes are put in place the battery is ready for use. The 30-cm. dish 
should have a good rim so that it may be tightly covered with a glass plate 
to prevent evaporation from the electrolyte. The electrolyte is nearly 
saturated with cadmium sulfate and a little evaporation would soon cause 
the crystallization of CdS(V8/3 H 2 0, while the favorable temperature 
coefficient depends on the definite concentration of the CdS0 4 -8/3 H 2 0. 
With a little vaseline one may make sure that there will be no evaporation. 
On a high resistance circuit, i.e., over 20,000 ohms, two of these batteries 
have given excellent service for years. Some mercurous sulfate has been 
used up and the electrolyte has become slightly more concentrated. If one 
keeps a rough account of the current drawn, one may at any time by a 
simple calculation arrive at the amount of mercurous sulfate to add and 
the amount of water needed to dilute the electrolyte so as to restore the 
original condition. The e.m.f. of one of these batteries on open circuit, 
after it has rested for several hours, is a good criterion of the state of the 
electrolyte. 
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INTRODUCTION 

The importance of vapor pressure in the study of solutions warrants a 
far more extensive exploitation of this property than has yet been made. 
Many attempts have been made to evolve practical and accurate means of 
determination, but the amount of reliable data so far accumulated is very 
scanty indeed. Hitherto facility and accuracy appear to have been incom¬ 
patible. 

Undoubtedly the most accurate determinations of vapor pressure lower¬ 
ing, to date, are those of Lovelace, Fraser and coworkers (1), who by 
rigorous care in the removal of air and using a reliable sensitive manom¬ 
eter seem to have attained an accuracy to the order of less than 0.001 mm. 
The method is too elaborate for general application, but for standard 
determinations it has, as yet, no equal. 

Reviews of the older methods are available in the literature. Recent 
determinations may be mentioned briefly. 

Bousfield and Bousfield (2) used an apparatus which was very neat and 
compact, but these authors appear not to have appreciated fully the errors 
arising from residual air, and errors to the extent of nearly 10 per cent of 
the lowering are evident in the region of lower concentration. The pres¬ 
sure of residual air may be much greater than that indicated by the volume 
of the bubble of air remaining when the solutions have been brought to 
atmospheric pressure. 

The most advanced development of the dynamical method has been 
made by Pearce and Snow (3). The accuracy attainable is of the order of 
0.01 mm., but by taking a mean of several observations, values reliable 
to within a few thousandths of a millimeter may be obtained. 

The dew-point method used recently by Hepburn (4) seems to be capa¬ 
ble of useful application. An accuracy of 0.03 mm. is estimated. A 
method described by Hill (5), depending on the principle of the wet and 
dry bulb thermometer, may prove useful for some purposes. With moder¬ 
ately concentrated solutions the estimated accuracy is 2 per cent. 

The limited accuracy of the various methods may be gauged from the 
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fact that at 25°C. the molecular lowering for solutions of such salts as 
potassium chloride is only about 0.75 mm. 

bousfield’s isopiestic method 

In the paper referred to above, Bousfield makes mention of a method 
for comparing the vapor pressures of solutions, called the fi ‘isopiestic” 
method and described in earlier papers. This method is apparently so 
simple that the absence of further mention of its application would appear 
to indicate that it did not fulfil expectations. According to Bousfield, 
four open cylindrical glass vessels containing different solutions are placed 
in a desiccator vessel, which is evacuated and placed in a thermostat for 
two or three days. By this time the solutions will have come into equilib¬ 
rium by distillation of water, so that each will have the same vapor pres¬ 
sure. The concentrations are determined by weight and hence, if accurate 
data are available for one solution, equally accurate values may be assigned 
to the others. Results, apparently confirmatory, are quoted. 

In order to test BousfiekTs method, the author placed two crystallizing 
dishes containing respectively approximately 1 M potassium chloride 
solution and water in a vessel which was evacuated to 15 mm. and left for 
several days. The amount of distillation occurring was barely noticeable 
even when the dishes were floated on mercury, to aid temperature equaliza¬ 
tion. Presumably, the rate of distillation between two solutions differing 
in concentration by only 1 per cent would be 100 times as slow! 

As pointed out by Bousfield, the attainment of equilibrium is dependent 
on the equalization of temperatures. When the air is removed the vapor 
pressures of all surfaces in the vessel must be the same, but the tempera¬ 
tures are different. However, the order of the magnitudes involved was 
apparently not realized. From data in the International Critical Tables 
the following calculations were made, 
dp 

At 25°C. £ for water is 1.4 mm. per degree. Hence a pressure difference 

of 0.001 mm. at the same temperature corresponds to a temperature differ¬ 
ence of 0.0007°C. at the same pressure. 

The latent heat of vaporization of water at 25°C. is 2436 joules per gram. 
Therefore, if we have two surfaces differing in temperature by 0.0007°C. 
and separated by a medium of thermal conductance equivalent to one 
centimeter cube of the undermentioned materials, the times required for 1 
gram of water to distil, or 2436 joules to flow, from one to the other may 
be calculated from the thermal conductivities (without convection) to be 
for (a) glass—10 years, (b) water—17 years, (c) gases—500 years, (d) 
mercury—15 months, (e) copper—10 days. 

Considering these astonishing figures, it is surprising that the results 
quoted by Bousfield are as good as they are. Earlier papers show, how- 
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ever, that these figures were taken from series of experiments extending 
over several months, in which solutions were built up by distillation of 
water from the trough of the desiccator, weighings being made every two 
or three days. Apparently, no experiment was made to see if two solu¬ 
tions of the same salt came to the same concentration after two or three 
days and assumptions were made which were not sustained by later trials. 

APPLICATION OF THE ISOPIESTIC METHOD 

From the above considerations it would appear that the method as 
described by Bousfield is too slow to be suitable for practical application. 
However, by incorporating the following principles in the design of appa¬ 
ratus, it seemed probable that the method could be rendered practicable. 

By providing good metallic conduction between the solutions, the 
retardation due to thermal resistance between them may be reduced to 
quite a small value. The factors limiting the rate of attainment of equi¬ 
librium would then be diffusion of solute and conduction of heat through 
the solutions. These could be accelerated by stirring and by making the 
solutions shallow. Too violent agitation is to be avoided, however, since 
minute heating effects would cause appreciable errors. Quantities of 
solutions as small $s compatible with accuracy in weighing are also desira¬ 
ble, to minimize the amounts which have to distil. 

THE METHOD ADOPTED BY THE AUTHOR 
Preliminary experiments 

Solutions of potassium chloride placed in silver-plated copper dishes 
fitting neatly together and mounted on a copper base were found to ap¬ 
proach identity of concentration at quite a feasible rate, when rocked in 
an evacuated desiccator vessel in a thermostat. It was discovered that 
the rate was greatly increased by placing some solution in the crevices 
between the dishes. Evidently the temperature gradient here was re¬ 
duced appreciably by the substitution of solution for vapor in the gaps. 
Using about 2-cc. quantities of approximately 1 M potassium chloride, it 
was found that a 25 per cent difference could be reduced to 1 per cent in 
twenty-four hours. During a series of experiments in which potassium 
chloride and cane sugar solutions were compared the following procedure 
was evolved. 


Apparatus 

The dishes were 1J inches square by f inch deep, a set of four being 
placed in square formation on a silver-plated block 1 inch thick. The 
block acted as a steadying heat reservoir as well as a conducting medium. 
The thermostat was believed to keep constant to about 0.01°C. at 25°C. 
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The variations need not necessarily be reduced to a very small amount, as 
the temperature waves are damped down considerably by the thick walls 
of the desiccator, and the massive copper block ensures that any small 
disturbance is equitably distributed. The heating lamp was blackened 
since the radiation, which had an appreciable effect on the regulator, would 
also be liable to affect the dishes and possibly maintain a permanent tem¬ 
perature gradient therein. The period and angle of oscillation were about 
1 second and 20° respectively. 


Procedure 

The solutions were weighed into the dishes by pipetting in 2 cc. and 
weighing quickly to the nearest milligram. In the case of concentrated 
solutions the amount of solid in 2 cc. was sufficient to be weighed in directly 
with accuracy. In all determinations made, potassium chloride solutions 
were used as standard. Duplicates of each solution were inserted, being 
placed in diagonal opposition in the set, so as not to be in direct contact, 
and therefore to provide a more reliable mean. 

Caustic soda of about the same concentration as the potassium chloride 
in the dishes was used as intermediate conducting solution, being preferred 
since it spread more easily over greasy surfaces. 

The evacuation was effected by means of a water pump, the pressures 
being reduced to 15-20 mm. Complete removal of air is not required— 
merely sufficient to remove the diffusion retardation. 

The dishes, on being removed from the desiccator, were kept covered 
while they were cooled rapidly in a stream of cold water and dried on the 
outsides with filter paper. An approximate weight was estimated, while 
still covered, and final weighing completed in a few seconds after removing 
the cover. Errors due to evaporation may amount to several milligrams 
and this is the largest error with the more concentrated solutions. A 
better plan would be to provide the dishes with permanent lids, but this 
refinement was not introduced at this stage. 

The same set of solutions may be used to make as many as five or six 
determinations over a range of concentrations varying by about 40 per 
cent. The most convenient method of varying the concentrations, and 
that which gave the best results, was by distillation of water from the 
bottom of the desiccator. This distillation is chiefly indirect. The 
thermal conduction between the block and the walls of the vessel being 
poor, the block is heated from room temperature to 25°C. by distillation 
of water onto the block, from the water in the bottom which is heated more 
quickly. This water then distils into the dishes. Finally the block attains 
a slightly higher temperature than the thermostat and further distillation 
takes place into the solutions, at a rate depending on the flow of heat from 
the block to the thermostat. This is negligibly slow with dilute solutions, 
but is appreciable with concentrated solutions. 
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The removal of water by pumping off was difficult to accomplish satis¬ 
factorily. The best method was found to be to use high concentrations of 
intermediate solution. 

The times required for the solutions to come sufficiently close to equilib¬ 
rium vary according to viscosities, but other things being equal, rates of 
distillation should be proportional to the temperature difference. For the 
same percentage difference in concentration this is proportional to the 
concentration. For any one concentration the difference should be re¬ 
duced equal fractions in equal times. With 0.5 M potassium chloride 
solutions the rate is greater than one-tenth in one day and so, if the solu¬ 
tions do not differ originally by more than 2 or 3 per cent, one day should 
be sufficient for an accuracy of 0.3 per cent. In general, one day was 
allowed for all solutions above 0.5 M and below this the times were in¬ 
creased, until at 0.1 M three days were allowed. This time gave uniform 
results. 


Calculation of results 

The actual calculations are simple, the molality being inversely propor¬ 
tional to the weight of water in the dish. 

Potassium chloride was always taken as standard, the values obtained 
by Lovelace, Fraser and Sease (6) being taken as correct and assuming 
that the relative lowering is the same at 25°C. as at 20°C. The Inter¬ 
national Critical Tables state that the variation with temperature is 
inappreciable for this salt. The vapor pressure of water at 20°C. was 
taken as 17.535 mm. 

Results are expressed in terms of molecular relative lowering, in con¬ 
formity with the practice in the tables. The clearest method of exhibiting 
the results is by means of a graph, plotting molecular relative lowering 
against molality. Tables of values taken from the author's curves are 
provided to enable the curves to be reconstructed. 

RESULTS 

Cane sugar solutions 

The choice of cane sugar as a solute for preliminary experiments was 
perhaps not the best, on account of the high viscosity of the solutions. 
Nevertheless, the results obtained were gratifyingly good. 

The materials used were A.R. potassium chloride and a specimen of 
sugar prepared some years ago for research work in this College. 

Determinations were made over a range of concentration from 0.2 M to 
1.5 M, corresponding to 0.1 to 0.9 M potassium chloride. The results are 
shown in figure 1 and table 1. A better uniformity is desirable in the 
higher concentration region, but below 0.8 M the deviations from the 
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smooth curve are less than 0.3 per cent, or less than 0.0007 mm. expressed 
as pressure. With three obvious exceptions the deviations in the higher 
region are of the order of 0.2 per cent., which at 1.4 M corresponds to 
about 0.0014 mm. Errors of 0.2 per cent are quite possibly introduced by 
losses by evaporation before weighing, and a better uniformity was not to 
be expected. 



TABLE 1 


Values of R =* ~~— - for sucrose solutions at 25°C. 


A/ 

(moles per 1000 grams of water) 

R X 10* 

0 2 

1796 

0 4 

1821 

0 6 

1848 

0 8 

1881 

0 9 

1906 

1 0 

1936 

1 1 

1951 

1 2 

1959 

1 3 

1967 

1 4 

1985 


The curve obtained from the few points given in the International Criti¬ 
cal Tables is also shown in figure 1. The original paper was not available 
to the author, but the determinations were probably made with the Love¬ 
lace and Fraser apparatus. * The difference is not great and, except for the 
elevation between 0.8 and 1.3 Af, is less than 0.002 mm. Although the 
difference in the molai lowering becomes greater in the dilute region, the 
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actual difference in pressure becomes smaller and at 0.2 M is only about 

0.001 mm. 

The elevation between 0.8 M and 1.3 M corresponds to the elevation in 
the standard curve for potassium chloride (see figure 3). It may be 
eliminated by allowing deviations of 0.002 mm. in the measurements of 
Lovelace, Fraser and Sease, but this would be altogether too revolting to 
these authors. The real existence of this irregularity is supported by the 
independent measurements on lithium chloride solutions made by Love¬ 
lace, Bahlke and Fraser (1), which show a similar irregularity. It has also 
been observed recently by, Burrage (7) that there is a parallelism in the 
curve for the solubility of lead chloride in potassium chloride solutions. 



The significance is uncertain, but it would appear that the irregularity is 
due to a property of water in this activity lange which is independent of 
the type of solute. Further direct measurement in this region is highly 
desirable. 


Sodium chloride solutions 

A few determinations on sodium chloride solutions serve to show that the 
irregularity appears also in the curve for this salt. The author's determina¬ 
tions tend to confirm the values given in the International Critical Tables 
(original paper unavailable). Bousfield and Bousfield obtained values 
about 8 to 9 per cent higher. 

The author's results are inserted as dots in figure 3. 
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Potassium toluene-p-sulfonate solutions 

An extensive series of determinations was executed with solutions of this 
salt over a range of concentration from 0.1 M to saturation. The specimen 
used was some of a preparation used in previous research work in this 
College, and was taken as sufficiently pure without further test, other than 
that for water content. The salt crystallizes with one molecule of water 
of crystallization. This is, however, easily driven off. A sample of a 
batch dried at 130°C. in an air-oven for two hours did not lose weight 
further on being subjected to two hours , treatment with a stream of air 
under 20 mm. pressure at 130°C., dried over phosphorus pentoxide. 

The results are exhibited in figure 2 and table 2. Satisfactory general 
uniformity was obtained. The distribution of points in the region of the 
irregularity unfortunately does not allow the exact shape of the curve to be 
determined here. The small irregularity, although quite evident, seems to 

TABLE 2 


Values of R for 'potassium toluenesulfonate solutions, at26°C. 


M 

R X 10* 

M 

R X 10* 

0 1 

3274 

1 0 

2820 

0 2 

3192 

1 2 

2727 

0 3 

3128 

1 4 

2641 

0 4 

3072 

1 6 

2572 

0 5 

3040 

1 8 

2508 

0 6 

3005 

2 0 

2450 

0 7 

29 BO 

2 5 

2316 

0 8 

2907 

3 0 

2210 

0 9 

2864 

3 5 

2118 


be masked by a longer irregularity extending to 1.3 M, which may or may 
not be due to experimental error, since the five points from 0.79 Af to 1.3 M 
were all obtained from one set only. Circumstances did not allow confir¬ 
mation to be made. 

The solubility of the salt does not appear to have been determined 
previously. From the vapor pressure of the saturated solution it was 
estimated by the author, by a short extrapolation, that the molality of the 
saturated solution was about 3.87. 

COMPARISON OP MOLECULAR LOWERING CURVES 

Figure 3 gives a comparison of the curves for five salts. The values for 
potassium nitrate and sodium chloride were taken from the International 
Critical Tables, while those for potassium and lithium chlorides are from 
the original papers previously referred to. 
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The comparison shows what wide variations exist among these simple 
salts with common anions and cations. A close parallelism between 
potassium nitrate and potassium toluenesulfonatc is evident. Whether 
this is fortuitous or due directly to common properties of the sulfonic and 
nitrate ions must be decided by further investigations. 



conclusion 

The method described for determining vapor pressures of solutions 
appears to be capable of yielding results of a high degree of accuracy. 
The sensitivity is demonstrated by the clear discernment of irregularities, 
which are detected only by the most accurate direct measurements which 
have been made and are very close to the experimental error thereof. 
With greater refinement and care, even more accurate results should be 
obtainable, but for the present sufficiently good results are obtainable by 
the simple procedure described above. 

The method should prove very useful in extending vapor pressure data, 
which are highly desirable and will become more and more important 
as the theory of solutions progresses into the more concentrated regions. 

SUMMARY 

Solutions may be brought rapidly into equilibrium as regards vapor 
pressure, and by taking one as a standard, values for the vapor pressure 


TH* 401 RNM OK PHYSICAL < HfcMIHTH> , \ Ol, XNWII, NO 4 


504 


O. A SINCLAIR 


lowering may be obtained with an accuracy of 0.3 per cent or less for 
solutions of concentration above 0.1 M. Determinations have been made 
on solutions of sucrose, sodium chloride, and potassium toluene-p-sulfonate, 
using potassium chloride as standard. 

The author desires to thank Professor F P Worley, under whose super¬ 
vision this work was carried out, for his sustained interest, and for his 
assistance in preparing the paper for publication 
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THE INFLUENCE OF COMBINED OXYGEN ON THE ADSORP¬ 
TION OF VAPORS BY POROUS SOLIDS. I 

L J HURRAOK 
King's ColLyi , London , Km,Lind 

Rtcnvtd Octobu l!Ki2 
I. INTRODUCTION 

As a result of the development of the improved retentivity technique for 
the determination of isothermals (1), it has been found that the isothermals 
derived by this method consist of a series of sharply defined steps. The 
present investigation was undertaken to determine whether these rectangu¬ 
lar steps could be obtained by th* static technique. It has been stated 
previously (2) that carbon dioxide on the surface of the charcoal exerts 
a very disturbing influence on the breaks, and it seemed probable that the 
fact that the staticisothermals heretofore had been found to consist of a 
series of curves might be due to this cause. 

The difficulty of securing an oxygen-free surface has already been empha¬ 
sized by the author (3), and in the present investigation the most elaborate 
care has been taken to obtain a charcoal surface as free from oxygen as 
possible. It has been found (4) that it is most difficult to remove the 
C x O y from an underactivated charcoal, and it was therefore decided to 
carry out the present investigation with a charcoal of this type, as, provided 
that the oxygen could be removed in this case leaving a charcoal yielding 
an isothermal of rectangular steps, then the same result might be expected 
with other charcoals. Charcoal I)I (5) was therefore chosen, since it 
fulfilled the necessary conditions. 

KXPKR1M KNTAIj 

Since the experiment would probably involve the detection and measure¬ 
ment of small quantities of carbon dioxide, it was decided to effect this by 
means of the Pirani gauge technique. It was, therefore, necessary first of 
all to obtain the coefficient for carbon dioxide so that the f(v ' readings 
might be converted to pressures. In the cases of carbon tetrachloride 
(see Chaplin (ti)) and carbon disulfide (determined by the author) the 
value of a has been found to be constant up to 0.2 mm. The Pirani 
measurements were carried out in the manner described by Chaplin (6) 
and the carbon dioxide pressures read off on a McLeod gauge of the type 
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described by the same author (7). The results are given in table 1 and it 
is seen that the coefficient for carbon dioxide is constant up to a pressure 
of 0.06 mm., but at higher pressures the value steadily increases. 

The experimental train employed in the main investigation was as 
follows: 


D. 

E 

F. 

G. 

H. 

I. 


A. Hyvar oil pump 
B Leybold diffusion pump 
C. McLeod gauge. 

Two-way tap_ 


McLeod gauge. 

Purifying charcoal and manom¬ 
eter tube. 

Carbon tetrachloride supply 
bulb. 

Freezing tube. 

Pirani gauge. 

Container in oven 


k Freezing tube. 

L Pirani gauge 

M. Measuring apparatus in ther¬ 
mostat at 25°C. 


f(v) 


9 70 
6 218 
4 707 
3 057 
2 309 
1 427 
0 724 
0 705 
0 357 
0 181 
0 065 


TABLE 1 


P 

mm 

0 377 
0 218 
0 160 
0 094 
0 065 
0 03S 
0 021 
0 019 
0 0092 
0 0048 
0 0018 


0 039 
0 035 
0 034 
0 031 
0 028 
0 027 
0 028 
0 027 
0 026 
0 027 
0 027 


The technique employed in the filling and weighing of the charcoal 
container is the same as in the previous experiment (2). A to 1 comprise 
the complete apparatus used in removing oxygen and charging with carbon 
tetrachloride. The general technique employed was as follows. The 
charcoal was evacuated at room temperature to zero pressure and then 
for eighty hours at 800°C., till a pressure of 10~ 4 mm. was attained. Carbon 
tetrachloride was then liberated from the supply bulb F, which contained 
charcoal saturated with carbon tetrachloride and closed by a tap from the 
main apparatus. This vapor was separated from carbon dioxide by freez¬ 
ing out the carbon tetrachloride with melting methylcyclohexane at G. 
This carbon dioxide was adsorbed by the purifying charcoal E in the man¬ 
ner described by Chaplin (6). The evacuated charcoal was charged to 
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saturation at 50 mm. pressure and the temperature of the oven raised to 
50°C., the container tap being shut. 

After standing at this temperature for some hours, the container tap 
was opened with liquid air on the freezer G. When equilibrium had been 
established the container tap was shut and the carbon monoxide pressure 
read. This was pumped away and the liquid air on the freezer replaced by 
melting methylcyclohexane. The pressure of the carbon dioxide was 
thus obtained. CO = 4.5 mm., and C0 2 = 0.06 mm. 

The carbon dioxide was removed and the carbon tetrachloride allowed 
to stream back on the charcoal at room temperature. The container tap 
was again shut and the temperature raised to 100°C. and kept at this figure 
for five hours. The tap was then opened and the carbon monoxide and 
carbon dioxide measured as before. C() — 5.0 mm., C() 2 = 3.5 mm. These 
gases were pumped away and the carbon tetrachloride allowed to stream 
back on to the cooled charcoal. This process was repeated and the analysis 
gave 1 mm. CO and 0.03 mm. C() 2 . This was pumped away as before, 
and the process again repeated, tlie analysis being CO - 5 X 10 3 mm. 
and C0 2 = 1 X 10 2 mm. Since this is the total removed, the actual 
pressure over the charcoal must be negligible. In order to see if all the 
oxygen had been removed from the charcoal, the container was heated for 
nine hours at 145°C , 1 mm. of CO and 2 mm. of C0 2 being obtained. 
Obviously after all this drastic treatment the charcoal is not oxygen-free. 
The isothermal should, however, be practically unaffected by the amount 
of oxygen which remains. The quantity of carbon tetrachloride adsorbed 
was 266.9 mg. per gram. 

It has been pointed out before that carbon dioxide exerts a poisoning 
effect and therefore all charcoal isothermals which have been obtained here¬ 
tofore are affected to a greater or lesser extent, the quantity figures being 
too small in all cases. The above results are at variance with the claims 
of previous workers that an oxygen-bare surface can be obtained by 
evacuation at 900°C. for twenty-four hours, since in the present instance, 
by flushing out with vapor, a total pressure of 14 mm. of combined oxygen 
has been generated after a preliminary evacuation of 800°C. for eighty 
hours. 

The other arm of the two-way tap connects with a freezer K, a Pirani 
gauge L and an apparatus M, similar to that described in a previous 
publication (figure 1 in reference 2) from A to G, with the exception of the 
freezer C. A distinct improvement has been made in the apparatus, in 
that the whole is immersed in a glass-sided thermostat at 25°C. The 
calibration of the volume was carried out at this temperature and as a wide 
manometer was employed, a volume correction was applied for each 
reading. The volume of the bulb N was 53.3 cc. and the volume of the 
main apparatus 66.5 cc. at zero pressure. The quantities were calculated 
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by the pressure change method (2), and the pressure's are considered to 
be correct to 0.01 mm. It has been found that over certain ranges of 
sorption values the dead space volume can be increased during desorption, 
or diminished during resorption, without alteration of pressure. 

The complete results comprise a desorption curve, followed by resorption 
and further desorption, the resultant isothermal being shown in figure 1. 

The figures obtained at the higher pressures are given in table 2 in the 
order in which they were obtained and show the degree of reversibility 
which has been attained. 


TABLE 2 


p 

Q 

i e 

it 

a 

mm 

mg ptr gram 

1 1 m m 

mg jur gram 

5 24 

265 98 

|| 3 01 

258 19 

5 23 

265 72 

3 03 

258 38 

5 24 

265 37 ! 

1 3 59 I 

258 74 

r> 23 

1 264 98 

1 3 59 ' 

259 15 

4 70 

264 17 

1 3 54 

260 57 

4.71 

264 (X) 

1 4 00 

261 78 

4 70 

263 79 

4 70 

263 83 

4 70 

263 58 

5 22 

266 30 

4 70 

263 15 

5 22 

265 48 

4 70 

262 73 

1 71 

201 67 

4 12 

262 01 

\ 71 

, 263 86 

4 12 

261 ,X) 

4 71 

1 263 05 

4 12 

! 260 60 

, 4 18 

262 33 

3 56 

259 99 

4 12 

• 261 62 

3 r, 7 

1 259 82 

1 1 12 

1 200 91 

3 58 

259 55 

3 56 

260 29 

3 ,58 

259 28 

| 3 56 

259 67 

3 57 

258 96 

1 3 56 

259 05 

3 38 

258 59 

3 50 

258 63 

3 02 

258 59 

I 3 07 

257 90 


At the close of the experiment a check weighing was carried out and a 
comparison made with the quantity calculated by the pressure change 
method. 

no j ici gin" 

B> \\ right 

By pressure change 238 28 

In view of all the stages involved thin is good agreement 

l)IS( I’SKIOV 

As will be seen from figure I, a most important fact has resulted from this 
experiment, in that isothermals on charcoal obtained by the static tech¬ 
nique consist of a series of rectangular steps. It has already been shown 
that this type of isothermal is obtained by the improved relentivity 
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technique, instead of a series of curves as had been previously obtained 
by both static and retentivity techniques. 

It is clear, therefore, that this true structure of the charcoal isothermal 
only results when the surface is free or almost free from foreign adsorbed 
matter. During the whole of the course of this experiment no trace of 
carbon dioxide was detected when the carbon tetrachloride had been frozen 
out. Another very interesting point was the rate of attainment of equilib¬ 
rium, which was instantaneous during both sorption and desorption, no 
change being detected after standing for seventy-two hours. The iso¬ 
thermal was found to be absolutely reversible, which is again of interest, 
since previously (8) marked drift had been found with carbon tetrachlo¬ 
ride isothermals on this charcoal. 

A discussion of the pressure intervals of the breaks and the quantity 
values of the steps will be deferred until a later publication. For obvious 
reasons it is extremely difficult to get two points on the vertical section, 
but this has been achieved at a Q = 258.59 mg. per gram, thus justifying 
the drawing of vertical portions in other instances. In each case, how¬ 
ever, the exact value lies between two adjacent points, the quantity taken 
being arbitrarily chosen. 

It has been mentioned in a previous publication (5) that the reason why 
breaks had not been found by other workers was due to insufficient points 
being determined on the isothermal. The author improved on this by 
taking 1150 points in a range of 81 mm. (2), and in the present paper 100 
points have been obtained in a pressure range of approximately 4 mm. 
This fact, together with the reversibility which has been obtained, leave 
no doubt as to the true structure of the isothermal on charcoal. 

si MMAU\ 

1. The coefficient for carbon dioxide has been determined by the Pirani 
gauge technique. 

2. The charcoal was very thoroughly evacuated and freed from oxygen 
as completely as possible by flushing with vapor. 

d. A carbon tetrachloride isothermal was obtained by the static tech¬ 
nique at 25°C\, comprising rectangular steps. 

4. Reasons have been advanced for previous isothermals being found to 
consist of a series of curves. 
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Many methods have been used to determine the transition points of 
polymorphous solids and of salt hydrates. For both types of systems con¬ 
ductance methods have been used in various forms, taking advantage, 
particularly, of the difference in conductance due to the different solubili¬ 
ties of the two forms. In an earlier paper (1) it has been shown that with 
a constant amount of solvent and solute a break occurs in the resistance- 
temperature curve at the transition point when the solution of a salt 
hydrate in a non-aqueous solvent is heated over a short range of tem¬ 
perature in this region. The break in the curve is presumably due to the 
change both in the salt at this point and the simultaneous change in the 
solvent medium. The earlier study was limited to solutions of various 
concentrations in ethyl alcohol and alcohol containing small amounts of 
water. In the present paper are given results obtained with a number of 
additional salts in methyl, ethyl, propyl, and isoamyl alcohols, pyridine, 
acetone, and ethylene glycol. 

APPARATUS, MATERIALS, AND METHODS 

The cell used was in the form of a U-tube with the electrodes sealed in 
one arm and the thermometer placed in the other. The design permitted 
the solution to be transferred from one arm to the other to insure uniformity 
and obviated any change in the cell constant due to slight differences in 
proximity of the thermometer to the electrodes. The simile* placement 
of the bulb of the thermometer and the electrodes, together with the very 
slow rate at which the temperature of the bath was increased, made it 
possible to assume that the temperature in both parts of the cell was the 
same. The thermometer was graduated in tenths of a degree and had been 
checked against a standard thermometer. Connection was made through 
the stopper bearing the thermometer with a mercury trap which prevented 
any loss of the vaporized solvent from the system and minimized con¬ 
centration changes due to the high vapor pressure of the solvents. 

The ethyl alcohol was prepared by allowing ordinary commercial alcohol 
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to stand over freshly broken lime for several days, after which it was distilled 
over a slow water bath, only the middle portion being retained. The ace¬ 
tone was purified with sodium bisulfite and dehydrated in the usual manner. 
The other solvents and the salts used were all high grade products and no 
attempt was made to purify them further. 

In most of the determinations saturated solutions were used. A quan¬ 
tity of the solvent was shaken for some time in a dried, air-tight container 
with an excess of solute and after being allowed to settle the clear super¬ 
natant liquid was transferred to the cell. In some determinations the 
saturated solution was diluted with pure solvent before being introduced 
into the cell, and in others less solute than that required to make a saturated 

TABLE 1 

LiNO» 3H 2 0 = LiNOa jH 2 0 + 2iH 2 0 in pyridine (series 1), in acetone (series 2), 

in amyl alcohol (series 8) 


CaCli*6H 2 0 = CaCl 2 *4H 2 0/8 + 2H 2 0 in propyl alcohol ( series 4) 


SERIES 1 

SERI! S 2 

SERIES 3 

SERIES 4 

Tempera¬ 

ture 

Resistance 

Teminra- 

ture 

ResiBtunce 

Tempera¬ 

ture 

Resistance 

Tempera¬ 

ture 

Resistance 

22 

1193 

24 

46 96 

24 2 

505 0 

25 

319 5 

24 

1181 

25 

46 77 

25 3 

492 9 

26 

314 3 

26 

1169 

26 

46 21 

26 

486 9 

27 

309 9 

28 

1157 

27 

45 84 

27 

473 4 

28 

305 5 

30 

1146 

28 

45 47 

28 

463 9 

29 

301 8 

32 

1137 

29 

45 11 

29 

454 7 

30 1 

296 9 

34 

1125 

30 

44 93 

30 

448 4 

31 1 

293 4 

36 

1116 

31 

44 57 

31 

438 6 

32 1 

288 7 

38 

1107 

32 

44 21 

32 

428 2 

33 0 

285 2 

40 

1099 

33 2 

43 68 

33 

419 7 

34 

281 8 



34 

43 51 

34 

411 4 

35 

277 8 



35 

43 16 

35 

403 2 




solution was used. In each case the bath was brought up to a temperature 
a few degrees below the transition point of the salt before introducing the 
cell, after which the temperature of the bath was raised at the rate of about 
eight degrees an hour. Frequent readings of the resistance were then taken 
simultaneously with those of the temperature within the cell. 

RESULTS 

In table 1 are given the results obtained with lithium nitrate in pyridine, 
acetone, and amyl alcohol. In the first column of each series are given the 
temperatures and in the second the corresponding resistances. Plots were 
made of the various determinations, using both the resistances and the 
logarithm of the resistances as ordinates against the temperatures as 
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abscissae. In both plots curves were obtained which approached straight 
lines in the neighborhood of the transition points. With the logarithmic 
plot the curves seemed to remain straight over a longer temperature range 
and so in the final plots and in the calculations the relationship between 
the temperature and the logarithm of the resistance was used. Such a 
plot of the data given in table 1 appears as figure 1, where the ordinates 
of the individual curves were adjusted in order to show several curves on a 
single plot. In each case smooth curves are drawn through the experi¬ 
mental points and the curve obtained below the transition point extended 
beyond this temperature as a broken line for emphasis. The value for the 
transition temperature calculated from the data obtained from solutions of 

TABLE 2 

CdBr 2 -4H 2 0 =* CdBr 2 *II 2 0 + 3H 2 Ch'n methyl alcohol (series 1), in ethyl alcohol (series 8) 
Zn(N0s)2*6H 2 0 « Zn(N0 8 ) 2 -3H 2 0 + 3H 2 0 in methyl alcohol (series 8 ), 
in ethyl alcohol (series 4) 


SEMES 1 

SERIES 2 

SERIES 3 

SERIES 4 

Tempera- 

Resistance 

Tempera- 

Resistance 

Tempera- 

Resistance 

Tempera- 

Resistance 

turo 


ture 


ture 


ture 


26 

62 87 

28 

556 2 

28 

113 2 

28 

196 5 

28 

61 61 

30 5 

546 2 

30 

112 3 

30 

192 6 

30 

60 60 

32 

638 6 

32 2 

111.4 

32 

188 8 

32 

59 41 

34 

630 0 

34 2 

110 5 

34 

185 5 

34 

68 22 

36 

522 6 

36 

110 1 

36 

182 1 

36 

57 29* 

38 

515 3 

38 

109 2 

38 2 

179 3 

38 

56 15 

40 

508 1 

40 

108 3 

40 

177 1 

40 

55 03* 

42 

501 1 

42 

107 5 

42 

174 7 

42 

54 16 

44 

495 1 



44 

172 2 

44 

53 19 






- 

46 

52 24 








lithium nitrate in pyridine agrees well with that found by Donnan and 
Butt (2) from solubility measurements, i.e., 29.6°C. 

The method of calculation as shown below depends upon the abrupt 
change in the slope of the resistance-temperature curve at the transition 
point, and the identity of the resistance at this temperature. The curves 
for lithium nitrate in acetone and in amyl alcohol (Curves II and III) are 
of interest even though they do not permit of the calculation of the transi¬ 
tion point by the method here used. In both cases there is an abrupt 
change in the curve between 29°C. and 30°C., indicating the transition 
point between these temperatures, but the solvent medium and the number 
and nature of the conducting particles change in such a way as to make the 
temperature coefficient above and below the transition point almost 
identical. Thus in these two solvents parallel lines were obtained in each 
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case in place of intersecting curves, making calculation of the exact transi¬ 
tion point impossible. The last series in table 1 and Curve IV are based 
on the data obtained for solutions of calcium chloride in propyl alcohol. 
The value calculated for the transition point in this solvent is in fair agree¬ 
ment with that previously found for the salt in ethyl alcohol and with the 

TABLE 3 

ZnBr 2 *2H 2 0 = ZnBr 2 + 2H 2 0 in pyridine (series 1) 


CoCla 6H 2 0 ! ! CoC 1 2 *H 2 0 -f* 5H 2 0 in glycol (series #), in pyridine (series 3), in methyl 
alcohol at different concentrations (series and (?) 


SERIES 1 

SERIiS 2 

SERIFS 3 

Temperature 

Resistance 

Temperature 

Resistance 

Temperature 

Resistance 

25 

8982 

25 1 

788 2 

20 

22670 

27 5 

8766 

26 

762 6 

22 

22240 

29 

8660 

27 

738 1 

24 

21880 

31 

8487 

28 

714 4 

26 

21530 

33 

8334 

29 

691 5 

28 

21040 

35 

8184 

30 

666 8 

30 5 

20470 

37 5 

8021 

31 1 

648 3 

32 5 

20010 

39 

7925 

32 1 

627 7 i 

34 

19700 

41 

7^68 

33 

610 3 

36 

19170 

43 

7675 

34 1 

591 1 

38 

18710 

45 

7553 

35 

574 7 

40 

18190 

46 

7493 



42 

17680 

SERIES 4 

sums 5 

SI RIFS 0 

Temperature 

Resistance 

Temperature 

Resistance 

Temperature 

Resistance 

24 

336 3 

24 

78 19 

24 

32 54 

25 

334 3 

25 

77 54 

25 

32 22 

26 

330 9 

26 1 

77 06 

26 

31 96 

27 

329 6 

27 1 

76 58 

27 

31 70 

28 

327 6 

28 

75 95 

28 

31 51 

29 

325 6 

29 

75 48 

29 

31 32 

30 

323 6 

30 1 

74 86 

30 

31 07 

31 

321 7 

31 1 

74 40 

31 

30 82 

32 

319 1 

32 1 

74 10 

32 

30 58 

33 

317 8 

33 

73 79 

! 33 

30 44 

34 

315 9 

34 

73 49 

34 

30 27 

35 

314 0 



35 

30 08 





36 

29 85 


value given by Bancroft (3) for the equilibrium temperature for the hexa- 
hydrate and the /3-tetrahydrate. 

In table 2 are given the results obtained with cadmium bromide and with 
zinc nitrate, each m methyl and in ethyl alcohol. Solubility or other 
determinations leading to values of the transition point of an accuracy 
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comparable to those used in the earlier paper for these and the remaining 
salts considered here do not seem to be available. In the previous work 
the average deviation from the established value of the transition found by 
this method using the above cell was about two-tenths of a degree. The 
emphasis in the present study, however, was placed upon extending the 
method to a larger number of solvents rather than establishing the exact 
values. The transition point of cadmium bromide according to Mellor (4) 
from consideration of the available data is 36°C. The value for zinc nitrate 
is given as about 35°C. Wasilieff (5) claims to have made a tetrahydrated 
salt and thal it forms an eutectic with the hexahydrate at 35.4°C. Calcu¬ 
lation of the data for this salt in ethyl alcohol gave 35.4°C. as the transition 
point; in methyl alcohol a curve was obtained similar to those for lithium 
nitrate in acetone and amyl alcohol. 

In table 3 are given the data obtained from solutions of zinc bromide in 
pyridine and of cobalt chloride in ethylene glycol, in pyridine, and in methyl 
alcohol of various concentrations. The transition point of zinc bromide is 
given by Mellor (6) from consideration of solubility data as 35°C. Accord¬ 
ing to a plot of the data compiled in Seidell (7), the transition point of 
cobalt chloride between the hexahydrate and monohydrate is at about 
31°C. Landolt and Bprnstein (8), on the other hand, indicate the transi¬ 
tion point of the hexahydrate and dihydrate at about 50°C. and the 
possibility of a polymorphous transition of the hexahydrate between 30°C. 
and 35°C. Compilations of the solubility data for cobalt chloride in water 
show a curve which rises gradually as an almost straight line to about 30°C., 
at which point there is an abrupt curvature to about 50°C., where the line 
is out by an almost straight line giving the solubility at higher tempera¬ 
tures. Corresponding with these points, the color of the solution changes 
from rose to violet and finally to blue. Numerous theories have been 
advanced to explain the changes in color and solubility, including equilibria 
of various salt hydrates, double salts, complex ions, and hydrated ions. 
The several viewpoints are summarized by Friend (9), who also mentions 
the change in color in aqueous salt solutions and in non-aqueous solvents. 

In table 3 we have indicated the transformation as being that between 
the hexahydrate and the monohydrate, and calculation led to a transition 
temperature at about 31°C. The real change taking place at this tem¬ 
perature may be of quite a different nature and much more complicated. 
Whatever the cause, however, we found quite pronounced breaks in the 
resistance-temperature curves in all cases. The different solvents and 
concentrations gave different colored solutions, but in each case the break 
in the curve seemed to come at about the same point. The single ex¬ 
ception was for the solution in glycol, where the calculated point was found 
to be 1.6°C. below that of the average in the four other solutions—in 
pyridine and in methyl alcohol. The deviation being so much greater than 
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the average deviation would indicate an influence of the solvent rather 
than experimental error. 

A single determination was made with this salt in the vicinity of 50°C., 
using ethylene glycol as solvent. A pronounced break was found in the 
curve at about 47°C. which again, owing to the solvent, may be lower than 
the true transition point for the change taking place at this higher tem¬ 
perature. In view of the findings given here it would appear that there is 
some abrupt change which takes place at about 31°C., and a further trans¬ 
formation at the higher temperature where the sharp change in the solu¬ 
bility curve is found. 

TABLE 4 


Calculation of tra?isttion points 


SALT 

SOLVENT 

1 a 

I0*b 

a' 

10 s // 

t 

V 

Lithium nitrate 

Pyridine 

3 1255 

-2 220 

3 1145 

-1 847 

29 5 1 

29 6 


Acetone 





29-30 

29 6 


Amyl alcohol 





29 30 

29 6 

Calcium chloride 

Propyl alcohol 

2 6587 

-6 190 

2 6513 

-5 932 

I 

28 7 

29 2 

Cadmium bromide * 

Methyl alcohol 

1 9054 

-4 120 

1 8986 

-3 927 

35 2 

ca. 36 


Ethyl alcohol 

2 S415 

-3 433 

2 8246 

— 2 960 

35 7 

ca. 36 

Zinc nitrate 

Methyl alcohol 





34 2 36 

ca. 35 

1 

Ethyl alcohol 

2 4108 

-4 200 

2 3692 

-3 026 

35 4 

ca. 35 

Zinc bromide 

Pyridine 

4 0542 

-4 038 

4 0346 

-3 483 

35 3 

35 0 

Cobalt chloride 

Glycol 

3 2632 

— 14 62 

3 2162 

-13 04 

29 7 

ca. 31 


Pyridine 

4 4394 

-4 162 

4 4873 

-5 690 

31 3 

ca. 31 


Methyl alcohol 

2 5916 

-2 721 

2 5849 

-2 510 

31 8 

ca. 31 


Methyl alcohol 

1 9666 

-3 063 

1 9295 

-1 860 

30 8 

ca. 31 


Methyl alcohol 

1 5896 

-3 252 

1 

1 5712 

-2 663 

31 2 

ca. 31 


CALCULATION OF THE TRANSITION POINT 

As indicated above, the curves giving the relationship between the 
temperature and the resistance of solutions of salt hydrates in non-aqueous 
solvents approach straight lines at the transition points which in most cases 
intersect at this temperature. Equations giving the resistance as a func¬ 
tion of the temperature may be developed, and since the resistance becomes 
identical at this point, the temperature may be calculated. In the present 
study it was found more advantageous to use the logarithm of the resist¬ 
ance, and equations for the two parts of the curve over the range where 
they appeared to be straight lines were calculated by the method of least 
squares in the form 


log R ■* a + bt 
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The results of such calculations are given in table 4. In the first and 
second columns are given the various salts and solvents. The constants a 
and b, given in the third and fourth columns, refer to the equation below 
the transition point and the values a' and 6', in the fifth and sixth columns, 
are for the corresponding curve above the transition point. Solution of 
the equations for t yields the values of the transition points given in the 
next to the last column. In the final column, under t' y appear such com¬ 
parative data as can be found in the literature. In the tables above, all 
points obtained in the temperature interval are given. In the determina¬ 
tion of the equations of the curves by this method, however, a few points 
may legitimately be omitted if from the plot they seem to be in error. 
This should be done particularly when such a point lies at or near the end 
of the curve and would thus, owing to the small number of points, have a 
considerable effect upon the slope of the curve and wipe out the self- 
consistency of the earlier points. This was found necessary in the present 
study only in the case of cadmium bromide, and the points omitted in the 
calculations are indicated in the table by asterisks; the remaining points in 
this curve and all of the points in the other curves were given equal weight. 
If from the graph a point appeared to be at the intersection of the lines it 
was included in the calculation of both curves. Obviously in order to 
achieve a high degree of accuracy with this method of determining the 
transition point, a larger number of points should be obtained for each 
branch of the curve so as to make the method of least squares truly 
significant. 


SUMMARY 

In the above study the transition points of a number of salt hydrates 
have been determined by observing the abrupt change of the resistance- 
temperature curves of solutions of these substances in several non-aqueous 
solvents. In most cases the numerical value of the point can be calcu¬ 
lated, since merely a change in slope occurs at the point. Examples are 
also given, however, where the slope remains nearly constant, but the 
magnitude of the resistance changes abruptly. In all cases except for 
solutions of cobalt chloride in ethylene glycol the transition point was 
found to be independent of the solvent and, within the accuracy of the 
experiment, comparable with that found by other methods. 
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Studies of the resistance of saturated solutions of copper sulfate in 
water have shown a break in the curve at about 56°C. (1). Electromotive 
force and solubility measurements have likewise indicated a change at 
about this point. In summarizing his data, Etard (2) gives two equations, 
one for the solubility at temperatures below 55°C. and another for that at 
higher temperatures. The change taking place at this temperature has 
been variously interpreted as a transition (3) from an a to a p pentahydrate 
and as the point of formation of 3CuS(V4CuO- 12H 2 0. 

In the preceding paper, detemanations of the transition points of salt 
hydrates have been given from a study of the resistance of solutions of 
constant concentration in several non-aqueous solvents. In all cases, 
except for solutions of cobalt chloride in ethylene glycol, the transition 
temperature was found to be the same within the experimental error as 
that given by other methods. In this system it was found that the break 
in the curve was about 1.6°C. below the transition point as indicated by 
other methods, or about four times the average deviation from the mean 
value found for this salt in other solvents. The transition temperature in 
general is lowered by the presence of foreign substances and different 
methods do not always yield the same value, but it was suggested that the 
effect in this case may have been due to the solvent. In the present paper 
are given results for the transformation of copper sulfate in glycerol- 
alcohol mixtures where the temperature is lowered several degrc ^s. 

The apparatus and method was entirely the same as in the previous 
paper. The results are given in table 1 where the resistances at various 
temperatures are given for solutions of copper sulfate in glycerolyalcohol 
mixtures of different proportions. The ethyl alcohol was purified and 
dehydrated as before. The copper sulfate and glycerol were of high 
quality and were not further purified. The solvent was made up by 
volume, seven parts of alcohol and three of glycerol, for example, being 
used for the 70 per cent alcohol solution. The solutions were prepared by 
shaking an excess of the pentahydrate with a quantity of the mixed solvent 
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in an air-tight container. After settling, a portion of the supernatant 
liquid was transferred to the cell. 


TABLE 1 


The resistance of copper sulfate in glycerol-alcohol mixtures 


SERIES 1 

SERIES 2 

SERIES 3 

SERIES 4 

Tempera¬ 

ture 

Resistance 

Tempera¬ 

ture 

Resistance 

Tempera¬ 

ture 

Resistance 

Tempera¬ 

ture 

Resistance 

42 

4234 

30 

13500 

42 

2976 

40 

2226 

44 

3985 

32 

12180 

44 2 

2811 

42 

2120 

46 

3759 

34 

11130 

46 ! 

2689 

44 

2012 

48 

3532 

36 

10150 

48 

2552 

46 

1913 

50 

3353 

38 

9256 

50 

2427 

48 

1816 

52 

3164 

40 

8408 

52 

2313 

50 

1734 

54 

3004 

42 

7698 

54 

2209* 

52 

1653 

56 

2845 

44 

7043 

56 

2097 

54 

1572 

58 

2700 

46 

6398 

58 

1998 

56 

1498 

60 

2561 

48 

5864 

60 

1908 

58 

1434 



50 

5388 



60 

1374 



52 

4975 



62 

1312 



54 

4661 







56 

4314 







58 

4025 

| 




SERIES 5 

SERIES 0 

SERIES 7 

SERIES 8 

Tempera¬ 

ture 

Resistance 

Tempera¬ 

ture 

Resistance 

Tompera- 

ture 

Resistance 

Tempera¬ 

ture 

Resistance 

36 

5756 

40 2 

2546 

42 2 ! 

15590 

40 

9577 

38 

5302 

42 

2397 

44 

14380 

42 

9124 

40 

4899 

44 

2230 

46 

13170 

44 

8699 

42 

4538 

46 

2092 

48 

11930 

46 

8333 

44 

4180 

48 2 

1946 

49 

11410 

48 4 

7887 

46 

3874 

50 4 

1814 

50 

10960 

50 

7658 

48 

3605 

52 

1732 

52 2 

9908 

52 

7330 

50 

3333 

54 

1623 

54 

9182 

54 

7019 

52 

3117 

56 

1536 

55 

8822 

56 

6765 

54 

2920 

58 

1444 

56 

8476 

58 

6494 

56 

2734 

60 

1365 

58 

7807 

60 2 

6236 

58 

2579 





62 

6038 

60 

2405 





64 

5823 


In all cases, plots of the data obtained showed breaks in the curves at 
temperatures below 56°C. Constants for the equation 


log R — o + bt 

for the portion below and above the break were calculated and the values 
of the transformation temperature calculated as in the previous paper. In 
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table 2 the results are listed according to the increasing alcoholic content 
of the solvent. The series number given in the first column refers to the 
data in table 1 and gives the order in which the determinations were made. 


TABLE 2 


The transformation temperature of copper sulfate 


SERIES 

PtR CENT 
ALCOHOL 

a 

10*6 

a' 

10*6' 

t 

7 

20 

5 0385 

—2 002 

4 9587 

-1 841 

49 6 

2 

30 

4 7283 

-2 004 

4 5172 

-1 576 

49 3 

5 

50 

4 3700 

-1 698 

4 2248 

- 1 405 

49 6 

6 

60 

3 9936 

-1 463 

3 9094 

-1 292 

49 2 

1 

70 

4 1621 

-1 276 

4 1066 

-1 164 

49 6 

3 

80 

3 9381 

-1 106 

3 9087 

-1 048 

50 7 

4 

80 

3 7850 

-1 094 

3 7342 

-0 9949 

51 3 

8 

90 

4 3649 

-0 9635 

4 2855 

-0 8140 

53 1 



SfiT 

s* 

53 

SI 

si 

so 

*8 


20 4-0 8 0 •/> Alcohol 

Composition of glycerol -alcohol ml^taire 

Fio. 1 


The third and fourth columns give the values of the constants for the 
equation below the transformation temperature and the next two columns 
the corresponding values for the curve above this point. In the last column 




524 


HAROLD J. ABRAHAMS AND WALTER W. LUCASSE 


are listed the calculated transformation temperatures of the salt in the 
solvent of composition given in the second column. 

A plot of these temperatures as a function of the alcoholic content of the 
solvent is given in figure 1, where the abscissae show the solvent composi¬ 
tion and the ordinates the corresponding temperatures. Measurements in 
solutions of lower alcoholic content were difficult because of the high 
viscosity of the glycerol, and at higher concentrations because of the slight 
solubility of copper sulfate in alcohol. The smooth curve passing through 
the experimental points has been extended as a broken line in each direc¬ 
tion to the pure components of the solvent. 

The previous studies have shown that the transition points of the various 
salts used have been the same in solutions of ethyl alcohol as the values 
determined by other methods than the one used here, and the form of the 
curve with increasing alcoholic content makes it logical to extrapolate to 
56°C. as the temperature at which the transformation would take place in 
this solvent, could sufficient amount be dissolved to determine the point. 
It is possible that at concentrations of glycerol greater than 80 per cent 
the curve again rises rapidly to 56°C. Should the curve be of that form, 
it would show the mutual lowering of the transition point by the added 
component of the solvent in each case. In the range measured, however, 
the curve shows no tendency to rise in the region of higher glycerol content. 
In view of the work with other solvents and with alcohol water mixtures, it 
seems unlikely, also, that traces of water or other impurities in the glycerol 
would lead to a constant depression in the material used. Nor does it 
seem likely that the form of the curve shown in the figure is due to any 
reaction or dehydrating effect of the glycerol. The measurements for 
series 1, 3, 5, and 7 were carried out as soon as the solutions were made up; 
those for 2, 6, and 8 about five hours after making the solutions; and for 
series 4 about forty-eight hours after. 

It appears from this study, therefore, that copper sulfate undergoes a 
definite transformation at about 56°C. and that this temperature may be 
lowered by the solvent medium (4). As in all of the cases studied, since 
the solutions were saturated only at room temperatures, the break in the 
curve is due to a change in the system as a whole and not to the different 
temperature-solubility relationships of the two forms. Conclusions as to 
whether this change is between two forms of the pentahydrate or of a more 
complicated nature cannot be drawn, although it would seem that the for¬ 
mation of the compound indicated above would cause a more pronounced 
break in the temperature-resistance curve. 
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PHOTOSYNTHESIS IN TROPICAL SUNLIGHT. VI 

The Presence of Formaldehyde in Rain Water 

X. R DIIAR and ATMA RAM 
Chemical Laboratories, Univrrsitii of Allahabad, Allahabad, India 

Reccivui S(ptemtu r 17, 19S2 

Since 1864, when Baeyer gave out his formaldehyde hypothesis, numer¬ 
ous attempts have been made to obtain formaldehyde in vitro from carbon 
dioxide and water on exposure to light. Usher and Priestley (1), Baly, 
Heilbron, and Barker (2), Dhar and coworkers (3), Mezzadroli and col¬ 
laborators (4) and others obtained evidence of formaldehyde formation 
from carbonic acid or bicarbonates in presence or absence of catalysts, 
when exposed to light. On the other hand, Spoehr (5), Baur and llebman 
(6), Porter and Ramsperger (7), Boll (8), Kmerson (9), Zschiele (10) and 
Mackinney (11) bbtained negative results, although the latter worker 
made the following statement:—“The status of this problem is extra¬ 
ordinarily involved, though it can hardly be doubted that some workers 
have succeeded in obtaining formaldehyde in vitro. yy Recently, Baly and 
co workers (12) seem to contradict their earlier results. 

It appears not only that the formation of formaldehyde is favored by 
radiations of short wavelengths, but also that a high light intensity is 
absolutely essential; some workers in this field could not obtain formalde¬ 
hyde because of the low light intensity used. 

In a recent communication, Dhar and Atma Ram (18) have been able to 
obtain larger yields of formaldehyde by the photoreduction of carbonic 
acid and bicarbonates by metals like magnesium, cerium etc. 

It is well known that carbonic acid and water vapor exist in the atmos¬ 
phere; under the influence of ultra-violet light from the sun, +hey should 
combine and form formaldehyde and oxygen. Hence, it stems probable 
that formaldehyde should be present in the atmosphere. 

If appreciable amounts of formaldehyde were present in the atmosphere, 
formaldehyde should be partially washed down with rain water. In the 
last few months, in order to test whether formaldehyde occurs in rain watti, 
we have analyzed numerous samples of freshly collected rain water obtained 
at Allahabad, Barlowganj (Mussoorie), altitude 5500 ft., and at a village 
420 miles from Allahabad. In all cases we have got immediate and 
definite evidence of the existence of formaldehyde in both distilled and 
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TABLE 1 


DATE 

NUMBER OF 
HOURS AFTER 
WHICH THE 
SAMPLE WAS 
ANALYZED 

AMOUNT OF FORM¬ 
ALDEHYDE PER 
LITER OF RAIN 
WATER 

REMARKS 

July 15, 1932 

12 

grams 

0.00075 

After bright sunshine. 

July 20, 1932 

7 

0.00082 

After bright sunshine for 5 

July 21, 1932 

4 

0.0005 

days. 

After a cloudy day. 

July 26, 1932 

Immediately 

0 001 

After 5 days of bright sunshine 

July 26, 1932 

12 

0.0004 

and clear sky. 

It had already rained 3 hours 

July 27, 1932 

Immediately 

(1) 0.00082 

before. 

After a bright day. Three 

July 28, 1932 

Immediately 

(2) 0.0006 
(3) 0.00045 

0 00045 

different samples were col¬ 
lected one after the other. 

It had rained the previous 

July 29, 1932 

9 

0.00052 

evening. 

After 9 hours of clear sunshine. 

July 30, 1932 

Immediately 

(1) 0 00045 

After a cloudy day. Three 



(2) 0.0004 

samples w r ere collected one 

July 31, 1932 

5 

(3)0.0003 

0.0003 

after the other. 

It had rained in the night. 

July 31, 1932 

Immediately 

0.0003 

Very slow rainfall. 

July 31, 1932 

8 

0 00015 

After a cloudy day. Rainfall 

August 1, 1932 

Immediately 

(1) 0 00015 

throughout the whole night. 
Heavy rainfall for 3 hours. 

August 2, 1932 

4 

(2) Extremely 
small 

0 00015 

Occasional sunshine for 1 hour 

August 3, 1932 

Immediately 

0 00025 

on the previous day. 0 

After 4 hours of sunshine on 

August 3, 1932 

Immediately 

0 00025 

the previous day. 

Cloudy day. Heavy rainfall. 

August 3, 1932 

Immediately 

0 00015 

It had rained 3 hours before. 

August 4, 1932 

5 

0 00015 

Rained in the night. 

August 4, 1932 

Immediately 

0 00022 

Rained after sunshine for 2 

August 5, 1932 

Immediately 

0 00022 

hours. 

Rained the previous evening. 


Immediately 

0 0005 

Bright sunshine throughout 


Immediately 

7 

0 00045 

0 0003 

the day and rained in the 
evening. 

August 6, 1932 

Immediately 

0 0003 

Rainfall in the night. 

August 7, 1932 

6 

Absent 

Heavy rainfall throughout the 

August 7/1932 

Immediately 

Absent 

day and night. 

Heavy rainfall throughout the 

August 7, 1932 

Immediately 

Absent 

day and night. 

Heavy rainfall throughout the 




day and night. 
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TABLE 1 —Concluded 


DATS 

NUMBER OP 
HOURS AFTER 
WHICH THE 
SAMPLE WAS 
ANALYZED 

AMOUNT OP FORM¬ 
ALDEHYDE PER 
LITER OF RAIN 
WATER 

REMARKS 

August 8, 1932 


gram i 


9 

Absent 

Cloudy the whole day. 

August 9, 1932 

Immediately 

0 00045 

After 5 hours of bright sun¬ 
shine, it rained. 

August 9, 1932 

Immediately 

(1) 0 0003 

(2) 0 00015 

(3) Very small 

Cloudy. One of the heaviest 
rainfalls. 

August 10, 1932 

Immediately 

0 00015 

Cloudy the whole day and a 
very heavy rainfall the pre¬ 
vious day. 

August 12, 1932 

4 

0 00015 

Cloudv on all the previous 
days. 

August 15, 1932 

Immediately 

0 0004 

Bright sunshine on the pre¬ 
vious day. 

August 16, 1932 

Immediately 

0 0003 

Rained in the night. 

August 17, 1932 

Immediately 

0 0003 

Occasional sunshine for 2 
hours. A heavy rainfall. 


undistilled rain water, as tested by SchifTs reagent and Schryver’s reagent, 
and by the reduction of amnioniacal silver nitrate. 

In a recent note to Nature, it has been reported by us that formaldehyde 
occurs in freshly collected rain water. We have now estimated quanti¬ 
tatively the amounts of formaldehyde in rain water, and we have observed 
that the amount of formaldehyde in rain water increases if the shower is 
preceded by sunshine. When there is no sunshine between two showers 
the amount of formaldehyde is small, as will be clear from the results 
recorded below. Moreover, when rain water is analyzed immediately 
after the shower, the amount of formaldehyde is greater than when the 
rain water is analyzed after some time, because a part of the formaldehyde 
is lost by vaporization and another part undergoes polymerization (cf. 
Norrish and Kirkbride (14)). 

The following experimental procedure was adopted: The rain water was 
collected in large porcelain dishes, placed on a tall stool in a clear space. 
Definite volumes of rain water were distilled and the distillate was analyzed 
for formaldehyde. An excess of standard AT/IO solution of iodine was 
added to the distillate and 10 per cent sodium hydroxide solution till a 
permanent yellow color was developed. The reaction was allowed to 
proceed for about fifteen minutes, and then the mixture was acidified with 
strong hydrochloric acid to liberate the excess of iodine, and the iodine 
liberated was titrated against N /100 sodium thiosulfate solution. 1 cc. of 
JVyiO iodine = 0.0015 gram of formaldehyde. The experimental results 
are given in table 1. 
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DISCUSSION 

It is well known that hardly any radiation from the sun shorter than 
2900 A. is available on the earth’s surface. It is generally believed that a 
very thin layer of ozone (3 mm. when reduced to 760 mm. pressure) formed 
in the atmosphere at higher altitudes is capable of absorbing solar radiation 
shorter than 2900 A. This ozone is supposed to be formed by the absorp¬ 
tion of shorter radiations by the oxygen of the atmosphere. In a recent 
communication, R. Mecke (15) has assumed that the photodecomposition 
of ozone by ultra-violet light with wavelengths shorter than 2655 A. is a 
primary reaction, whilst the formation of ozone requires excited oxygen 
molecules and the efficiency of the photo-ozonization process can be raised 
by resonance effects. Thus, according to Mecke, the two primary photo¬ 
chemical reactions leading to an equilibrium are:— 

O, + hv (X < 2655 A.) - O' + O' (1) 

0 2 4- 0 2 (X < 2025 A ) = 0 8 + O' (2) 

In each of these reactions excited oxygen atoms are supposed to be 
formed. Mecke has assumed the existence of several secondary reactions 
and has shown that at low pressure and small ozone concentrations, which 
are undoubtedly met with at high altitudes of the atmosphere, the law of 
equilibrium concentration is obeyed:— 

30 2 20j 

[Oj] 2 /[0 2 J * ** K (constant) 

From absorption measurements by various physicists, it is concluded 
that the mean altitude of the ozone layer in the atmosphere is about 50 
kilometers and at this height the atmospheric pressure is about 10 3 
atmosphere. According to Fabry and Buisson (16), the total thickness 
of the ozone layer when reduced to normal pressure is 3 mm., i.e., 0.4 
10 6 , taking the height of the homogeneous atmosphere as a unit (7.99 
kilometers). 

From our experimental results, it is quite clear that formaldehyde also 
exists in the upper layers of the atmosphere, formed by the combination of 
carbon dioxide and water vapor in presence of the ultra-violet light of the 
sun. It is well known that the reaction 

C0 2 + IhO + 112 Cal. - HCHO + 0 2 

requires ultra-violet light of wavelength approximately 2550 A. 

In recent years, Henri and Schou (17) and Herzberg (18) have measured 
the absorption spectrum of formaldehyde. They have observed that the 
absorption spectrum extends from 3700 A. to 2500 A. The spectum shows 
rotational fine structure down to 2750 A., but between 2750 A. and 2670 
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L predissociation begins which continues up to 2500 A. The predissocia¬ 
tion limit is shifted by 70 A. towards the visible region when the tem- 
perature is elevated to 220°C. There are about 35 to 40 bands between 
3700 A. and 2500 A. in the formaldehyde absorption spectrum. The maxi¬ 
mum is at 2935 A., characteristic of aldehydes. It is apparent, therefore, 
that not only does ozone absorb the short wavelengths from the sun, but 
the formaldehyde present in the atmosphere also absorbs the short rays of 
the solar radiations. Hence the absorption of the solar radiations shorter 
than 2900 A., which has been attributed so far to the presence of ozone, 
may be partially due to the presence of formaldehyde. The maximum 
absorption of formaldehyde is at 2935 A., but the maximum absorption of 
ozone appears to be at 2655 A. Hence it seems that the ultra-violet rays 
filtered through the ozone layer may be absorbed by formaldehyde present 
in the atmosphere. 

Water vapor is present in an appreciable amount in the atmosphere even 
at a height of 100 kilometers, but the amount of carbon dioxide present at 
the height of 40 kilometers is exceedingly small, less than 0.01 percent. 
It appears therefore that formaldehyde in very small quantities may be 
formed nearly at the same height where ozone is photochemically generated 
in the atmosphere^ 

The dissociation energy of water is 110 Cal., whilst that of the oxygen 
molecule is 118 Cal. Hence it appears that the wavelength of the ultra¬ 
violet light capable of breaking up the 0—H link may be slightly greater 
than that required to break the 0—0 link. When the ()—H link is 
broken up, the carbon dioxide present in the atmosphere may be reduced to 
formaldehyde by the hydrogen atoms formed by the dissociation of water 
molecules. It seems that the atmospheric height at which formaldehyde 
is formed may be less than that where ozone is formed. 

Just like ozone, formaldehyde is also photochemically decomposed. 
According to the recent experiments of Norrish and Kirkbride, the main 
products of the photodecomposition of formaldehyde are carbon monoxide 
and hydrogen. It is evident therefoie, that the following equilibrium may 

HCHO ^ CO + H 2 

exist in the atmosphere. It is well known that the upper atmosphere is 
rich in hydrogen. Consequently, owing to the presence of hydrogen in the 
upper atmosphere, the photodecomposition of formaldehyde will be mark¬ 
edly hindered, and appreciable amounts of formaldehyde can exist at an 
altitude of 40 to 50 kilometers or at lower altitudes. As water vapor 
exists in small quantities even at a height of 100 kilometers, the atmospheric 
formaldehyde may be washed down by the rain water. That is why all 
samples of rain water contain more or less formaldehyde. At the end of a 
very heavy shower, the amount of formaldehyde in the rain water becomes 
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exceedingly small. At Barlowganj (U. P., India) which is situated at the 
height of 5500 ft. above the sea level, 8 inches of rain fell in five hours on 
the 12th of July, 1932, and at the end of the shower, some rain water was 
collected; the amount of formaldehyde in the freshly collected rain water 
was exceedingly small as tested by Schryver’s reagent or by the reduction 
of ammoniacal silver nitrate solution. 

In order that an appreciable amount of formaldehyde may be detected 
in rain water, the rain should be collected after some sunny days and should 
be analyzed as quickly as possible after the collection. 

That the formaldehyde in the atmosphere is not generated from the 
decomposition of substances of vegetable origin on exposure to light is clear 
from the fact that hardly any formaldehyde is detected in the air near the 
land where there is plenty of vegetable matter. We passed several liters of 
air from an open space through .50 cc. of water placed in a stoppered flask 
for six hours, and on distilling the water no trace of formaldehyde was 
detected. It rained the same evening, when the above mentioned experi¬ 
ment was performed and the rain water collected contained an appreciable 
amount of formaldehyde. 

It will be interesting to note that in a recent communication (19), it has 
been shown that there is evidence that the formaldehyde band is present 
in the solar atmosphere. It appears from spectroscopic evidence that 
formaldehyde, like cyanogen gas, may be present in the absorbing atmos¬ 
phere of the sun. 

Formaldehyde present in the atmosphere and rain water, even in small 
quantities, serves as a ready made food for plants. According to Sir J. C. 
Bose (20), in small doses, it serves as stimulant to the growth of plants. 
It can act as an antiseptic, can purify the air, and can act as a disinfectant 
to the soil. 

SUMMARY 

1. It has been observed that freshly collected rain water contains formal¬ 
dehyde to the extent of 0.001 to 0.00015 g. per liter. 

2. The amount of formaldehyde in rain water increases if the rain is 
preceded by bright sunny days. When the days are cloudy and there are 
frequent showers, the amount of formaldehyde decreases and may be 
altogether absent immediately after a very heavy shower. 

3. The rain water should be immediately analyzed when collected, 
because a part of the formaldehyde is lost by vaporization and another 
part by polymerization. 

4. It is believed that the formaldehyde in rain water is formed by the 
combination of carbon dioxide and water vapor present in the atmosphere 
by the absorption of ultra-violet light from the sun. 

5. Formaldehyde in rain water cannot be due to the photodecomposition 
of substances of vegetable origin. 
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6. Formaldehyde vapor shows light absorption between 3700 and 2500 
A., the maximum absorption being at 2935 A., characteristic of aldehydes. 
It appears that not only does ozone absorb radiations of short wavelengths 
from the sun, but also the formaldehyde present in the atmosphere absorbs 
solar ultra-violet radiations. 

7. It appears that the water molecules are decomposed by absorption 
of short wave radiations and the hydrogen atoms set free reduce carbon 
dioxide to formaldehyde, which may be formed in the atmosphere at heights 
less than those where ozone is generated. 
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COMMUNICATIONS TO THE EDITOR 

THE DECOMPOSITION OF OZONE BY ALPHA PARTICLES AND BY 
THERMAL MEANS 1 

I should like to report the results of experiments carried out one and a 
half years ago with W. Feitknecht in this laboratory on the decomposition 
of pure ozone by alpha particles from radon at room temperatures. The 
M/N ratio, the number of molecules decomposed per ion pair, was found 
to be high, varying from about 4,500 at 50 mm. ozone to about 15,000 at 
300 mm. ozone. The rate of decomposition followed the equation 


where for a series of runs n was found to bp 1.5. Very good constants were 
obtained throughout a given run and the constant was the same for differ¬ 
ent pressures. TJie rate was independent of the presence of oxygen. The 
M/N ratio was found to be proportional to [() 3 ] 2/,i . Since ionization by 
alpha particles is practically proportional to the pressure in the range 
investigated, this makes the rate of decomposition proportional to [O3] 167 , 
in substantial agreement with the rate found. It is thus seen that rather 
long chains are possible in ozone decomposing at room temperatures. 
These facts provide evidence in favor of the viewpoint of Riesenfeld and 
Wassmuth (Z. physik. Chem. 8B, 314 (1930)), but not that of Schumacher 
and Sprcnger (Z. physik. Chem. 6B, 446 (1930)). These experiments are 
to be extended and will be reported on later. 

More recently, during a study of the kinetics of the explosion of ozone 
induced by hydrogen, a rather complete series of experiments on the 
thermal decomposition of pure ozone was made at 85°(\ between initial 
ozone pressures of 40 to 200 mm. and in different glass and quartz vessels. 
The rate of decomposition is represented by the equation 


d [O,] 
c It 


~ = K |OJ“ 
at 


K remains constant down to 80 per cent decomposition, which is as far 
as the reaction was carried usually. K seems to depend on the initial 
concentration, for it increases somewhat as the latter is raised. In a 

‘Published by permission of the Director, U 8. Bureau of Mines. (Not subject 
to copyright.) 
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given run the rate is independent of the oxygen concentration, but K is 
higher for an initial mixture containing ozone plus oxygen than for a 
similar amount of ozone alone. 

On investigating the published results on this subject of Schumacher 
and Sprenger (loc. cit.), who employed a 5-liter cylindrical vessel, Riesen- 
feld and Wassmuth (Z. physik. Chem. 143, 408 (1929)), and Riesenfeld and 
Bonholtzer (Z. physik. Chem. 130, 255 (1927)), it is found that their 
experiments also are represented very well by the same relationship. 
When corrections are made for the temperature, using the known tempera¬ 
ture coefficient, and when allowance is made for the initial pressure, the 
rate constants of their experiments derived from the above relationship 
agree quite well with the present ones. These authors have explained their 
rates by supposing that a monomolecular and bimolecular reaction are 
occurring simultaneously despite the fact that their corrected “true” 
monomolecular and bimolecular constants change with initial pressure 
(particularly the monomolecular constants, see Z. Physik. Chem. 143, 408 
(1929)). 

All the experiments are now in agreement and may be assumed to be 
correct. The interpretation yet remains. It seems more natural for the 
reaction to be represented by a simple formula rather than to introduce 
unnecessary complications of simultaneously occurring monomolecular and 
bimolecular reactions. The 1.5 power indicates that the reaction is to be 
explained by a chain mechanism, just as in the alpha ray experiments. 
What this mechanism is will be left for a future publication. 

Bernard Lewis. 

U. S. Bureau of Mines 
Pittsburgh Experiment Station, 

Pittsburgh, Pa. 

THE ADSORPTION OF RADON BY SILICA GEL 

In view of the work of Francis (Kolloid-Z. 69,292 (1932)) on the adsorp¬ 
tion of radon by silica gel, certain measurements of ours, made under 
widely different conditions, should be of interest. Our measurements were 
made by a static method, using comparatively large amounts of radon; 
the pressure of the other gases present was very low, not more than four or 
five times that of the radon itself. The silica gel used in these experiments 
was a clear glassy gel which had been purified by treatment with concen¬ 
trated nitric acid. It was then dried in a stream of air at about 300°C., 
and finally electrodialyzed for a long period of time. Before use it was 
dried once more at 300°C. The gel contained about 5 per cent of water. 

In one experiment, 34 miljicuries of radon were left in a glass tube, which 
contained 1 g. of silica gel, for twenty-four hours. The portion of the 
tube containing the silica gel was then sealed off from the rest, and the 
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radon contents of both tubes were determined by means of a gamma ray 
electroscope. Allowing for the free space in the tube which contained the 
gel, the distribution coefficient (radon per gram of gel divided by the 
radon per cubic centimeter of free space) was found to be 144. This lies 
between the highest value (44) observed by Francis for an aged gel, and 
the highest value (335) for a freshly prepared gel. In his experiments a 
flow system was used and equilibrium was reached between the gel and a 
very small amount of radon mixed with air at atmospheric pressure. 

In a second experiment about 100 millicuries of radon was allowed to 
distribute itself between 1 g. of silica gel at room temperature and a 
tube (of about 5 cc. capacity; which was immersed in liquid air. At 
equilibrium 43 per cent of the radon was found to be adsorbed on the gel. 
This indicates a surprisingly large difference in the adsorptive capacity of 
silica gel and (Pyrex) glass for an inert gas. 

Robert Livingston. 

L. H. Reyerson. 

School of Chemistry, 

University of Minnesota, 

Minneapolis, Minnesota 
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Report on Band-Spectra of Diatomic Molecules . By W. Jevons, D.Sc. 26 x 18 cm.; 
viii H~ 308 pp. London: The Physical Society, 1932. Price: (paper covers) 17s. 


6d. net; (in cloth) 20s. 6d. 

It is difficult to rate this book too highly. The author has devoted some three 
years to its preparation, and remarkable clarity of exposition and care for detail arc 
maintained throughout, betraying no signs of any desire to hasten a conclusion. 
This is praiseworthy in view of the rapid development of the mechanical significance 
of band-spectra, and it is indicative that such a lengthy report can be \n ritten from 
the “observational, rather than the purely theoretical, aspect of the subject.“ We 
may take this as signifying that the fundamental principles arc so firmly established 
that the “theoretical results necessary for the interpretation of the analyses of bands 
and band-systems’’ may be “briefly stated, v ith no indication of the quantum- 
mechanical methods used in their derivation.” This is now possible, whilst only a 
few years ago textbooks on spectroscopy essentially dismissed the whole of band- 
spectra with a casual reference to their probable association w'ith molecules. 

The report, in the words of the author, is “mainly addressed to the physicist who 
has not hitherto taken up band-spectra as a subject for special reading or laboratory 
w r ork;” in the opinion of the reviewer the author should have made wider claims, 
since the larger proportion of chemists are unfamiliar with the modern interpretations 
of the fundamental principles of their science by mathematical physicists. Here is 
an opportunity for the chemist to see how* the spatial and thermal properties of 
molecules are rigorously defined by spectroscopy, how conceptions of valency are 
being altered and extended, and how the excitation of individual molecules as a 
necessary preliminary to chemical reaction is bound up with alterations in their 
detailed electronic structure, the conditions and consequences of such alterations 
being well on the way to spectroscopic determination. In short, we may be nearing 
the time predicted by Mulliken when the advance of mathematical technique is such 
that it may be easier to calculate the properties of polyatomic molecules than to 


determine them experimentally. . - 

It is to be emphasized that however clear, logical, and fluent the presentation of 
the results and conclusions in spectroscopic work may be-and the present report is 
a model in that respect-no benefit is likely to be derived from casual reading This 
is due partly to the complexity and all-embracing nature of the subject, and partly 
to the extensive notation required, and the author does well to insist upon frequent 
reference to the valuable glossary offered in Appendix I. Mulliken s notation as 
used although it has produced order out of chaos, has rendered more complicated 
"ome’ o the simpler expressions familiar to spectroscopes, and may need further 
revision when our knowledge of the band-spectra of polyatomic molecules approaches 


a rwiain^nultter generally of a descriptive nature, has been relegated to small 
tvS with the suggestion that it might be omitted by the “more casual reader,” but 
type, with the KK Chapter V, dealing in a most able and concise way with 

if this process is ppld^ reftder wiu find the remaining 

'■'■.thing but pr.h. I. to h. In- In, the 
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typography of the Cambridge Press, and for the sixty-four diagrams, all of which 
seem to have been specially prepared by the author for the report. 

It is hardly possible to select any portion of the book for individual praise, but the 
chapter on the isotope effect is well done, and represents the first reasonably complete 
account of the phenomenon. As an indication of how far the references are up-to- 
date, one may cite the identification of II 2 (page 211), and the isotopes of germanium 
(page 227). The most valuable feature from the point of view of those already work¬ 
ing in the field of band-spectra lies in the table of constants for electronic states and 
band-systems given in Appendix II. The foreword to the Appendix should be con¬ 
sulted for an appreciation of the possibilities offered by the data provided, and 
although any approach to completeness is disclaimed, it is difficult to see what pur¬ 
pose would be served by any further search of the literature by those interested. 

The time is scarcely ripe for a similar report dealing with the theoretical signifi¬ 
cance of the observed results, and the author has probably done wisely in attempting 
no discussion of such problems as valency. The stress on the observational aspect 
leads to the dismissal of the phenomenon of predissociation in two pages, and one 
can but wait with great interest for the eventual appearance of a companion volume. 
The work as it stands is a magnificent achievement, and the highest praise is due to 
the successful collaboration of the author, printers, and publishers. 

C. R. Bailey. 

The Method of Dimensions. By Prof. A. W. Porter, F.R.S. 17 x 11 cm.; v + 80 
pp. London: Methuen and Company, 1933. Price: 2/6. 

In this volume, one of the recent additions to Methuen’s series of short mono¬ 
graphs on physical subjects, Professor Porter has collected together important 
applications of the method of dimensions. The more fundamental and still contro¬ 
versial subject of units has up to the present time had the greater attention, and the 
author has done well to bring to our notice the existence of a very useful tool. It is 
important however that the Htudent should realize the limitations of the method* 
it should be used only when other methods of approach have failed to give an under¬ 
standing of the physics of the problem. A little greater emphasis on this aspect of 
the subject, together with a rather more extended introductory treatment of units, 
would perhaps have increased the value of the book, particularly for the physical 
chemist. A historical introduction stressing the fundamental work of Newton, and, 
later, of Fourier, leads the way to discussion of such problems as the time of swing of 
a simple pendulum, the flow of fluids, surface tension, and heat effects. A final 
section deals with electromagnetic and electrostatic units. Many references to 
original papers and summary articles are given and one or two blank pages at the 
end arc available for notes. The present writer had hoped to see, from the point of 
view of historical interest, some reference to Einstein’s early application of the 
method of dimensions to the determination of the frequency of vibration of atoms in 
a solid body. This is not, however, to detract from the large amount of useful in¬ 
formation which Professor Porter has set before us, and the book will be of consid¬ 
erable value to all students of physics and physical chemistry. 

J. T. Randall. 

Gmclins Handbuch der anorganischen Chemxe. 8 Auflage. Herausgegeben von der 
Deutschen Chemischen Gesellschaft. System-Nummer 30: Barium. 26 x 18 cm.; 
xviii + xvi 4* 390 pp. Berliii: Verlag Chemie G. m. b. H., 1932. Price: 64 M. 
(subscription price 56 M.). 

This volume gives a very complete account of the chemistry of barium and its 
compounds and is complete in itself. There are thirty-one figures in the text. The 
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literature references are thoroughly covered and no doubt practically all have been 
seen in the original, as in previous volumes of the work. The mineralogy and geology 
of barium and the physical properties of the element and its compounds are fully 
dealt with and the literature includes the year 1932. The book is indispensable both 
to chemists and physicists and maintains the high standard of previous volumes. 

J. R. Partington. 

Structure Symbols of Organic Compounds. By Ingo W. D. Hackh. viii 4* 139 pp. 

Philadelphia, P. Blakiston’s Son and Co. Price: $2.50. 

The author has devised an ingenious set of shorthand symbols for organic com¬ 
pounds, which he advocates as a substitute for—or rather, improvement on—the 
ordinary structural or graphic formulas using the chemical symbols of the elements 
and the usual connecting bonds. 

As a teaching device, the reviewer doubts very much if these symbols would have 
the value claimed for them, namely, that they make it possible to include a larger 
amount of organic chemistry in the usual courses; and it would appear that the new 
symbols might have the definite disadvantage of getting the student even further 
away from reality than the usual structural formulas do, since in the new symbols 
no symbols for carbon, hydrogen, nitrogen, or oxygen appear. 

But as a tool for advanced students and research workers, these new symbols 
appear highly advantageous, for they amount to a shorthand way of representing the 
structural formulas and can be written in much less time than even the most abbre¬ 
viated structural formulas. This, it seems to the reviewer, is the field in which 
these symbols have their greatest advantage, and this advantage is a considerable 
one. 

The first thirty-five pages of the book are given over to a discussion of the formu¬ 
las, and then follow twenty-nine plates showing the formulas for about a thousand 
typical organic compounds. There is an index. 

Lee Irvin Smith. 

Einfiihrung in die Tonpholographie . Photographischc Grundlagcn der Lichtton - 

aufzeichnung. By J. Eggert and R. Schmidt. 23 x 15.5 cm.; vi -f 137 pp. Leip¬ 
zig: S. Hirzel, 1932, Price RM. 7. Card covers. 

The ear is far less tolerant in judging the reproduction of sound than the eye in 
judging the scale of intensities in a monochrome photograph. The difficulties en¬ 
countered in reproducing sound free from distortion are therefore very considerable, 
and it is partly for this reason that so much experimental work has been carried out to 
investigate the photographic technique of sound recording. Few people could be 
found who are in better position to write an explanatory book on this difficult subject 
than Professor Eggert and Dr. Schmidt. They have been working in this field for 
some years and have now produced an excellent little book which shoul i be welcomed 
by all interested in the general problems of photographic sensitometry as well as by 
those engaged more narrowly in the actual problems of sound-recording. The book 
is well printed on good paper; there are one hundred and twenty-two very good il¬ 
lustrations, together with literature and general indexes. 

S. O. Rawling. 

Handbuch der Spectroscopic. Band VIII, Lieferung 1. By H. Kayser and H. 

Konen. 26 x 18 cm.; iv + 654 pp. Leipzig: S. Hirzel, 1932. Price RM.67.50. 

It is now thirty-two years since the first volume of Kayser's Handbuch was pub¬ 
lished, and it is interesting to read today in the preface to that volume the scheme 
Professor Kayser had in mind for the complete work. The fourth volume was to 
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contain the complete account of the emission spectra of each element, with a supple¬ 
mentary volume on experimental methods. He hoped to add a fifth volume to in¬ 
clude astrophysical spectroscopy. We signal today the publication of the first part 
of an eighth volume, which is to be devoted entirely to the emission spectra of the 
elements. The phenomenal advance in knowledge of emission spectra, which has 
given rise to the continued expansion of this great treatise, occasions a reflective 
mood. Whilst one may legitimately wonder what may possibly be the state of 
knowledge of the spectra of the elements described in the final section of this volume, 
compared w ith that of those now dealt with, one cannot but hold up to admiration the 
devoted labors of Professor Kayser and Professor Konen and of their six collabora¬ 
tors, which have given to the scientific world a book so urgently needed. 

The present volume deals with the spectra of the elements from silver to copper, 
arranged as previously in the alphabetical order of their symbols. In general, the 
series terms and individual lines have been expressed in the modern notation, but this 
has in some cases been impossible. Difficulties arose from the w r ant of agreement 
amongst authors in the use of the modern system, and also from the want of consist¬ 
ency in its use by individual authors. A conversion to the modern notation w r as at 
times found to be impossible without a re-investigation of the whole spectrum, which 
would have involved much time and indeed does not lie within the purview of a book 
which aims at a faithful presentation of published work. In these cases the original 
notation used by the author has been given. 

It must be remembered that the present volume is part of a supplementary vol¬ 
ume to those already published. Thus in the tables of wave-lengths only those 
measurements are included which have been published since Volume VII was written. 
Furthermore, the literature references for each element are numbered consecutively 
to those given for that element in Volume VII. In general, therefore Volume VIII 
should be used in conjunction w ith Volumes V to VII. 

Under each element the line and band spectra are dealt with, the latter also as 
measured in the absorption spectra of such compounds as have been examined. The 
emission spectra are extended into the very short wave-length region of the x-rays. 
The measurements of the Zeeman and Stark effects are included of all lines w'hich 
have been examined, and the Raman effect is also added. As may be readily appre¬ 
ciated, the latter measurements are given only where they stand in immediate "rela¬ 
tion to the simpler spectra, the broader application to organic compounds being 
omitted. Lastly there are to be found the measurements of fluorescence and reason- 
ance spectra so far as these have been studied. 

In assessing the value of this new r volume, an excerpt from the authors’ preface 
may be quoted as a text. If, they say, there be found some want of uniformity as 
the result of the collaboration, w’c believe that this w ill be far outweighed by the ad¬ 
vantage gained both from the more rapid continuation of the work and from the fact 
that the collaborators are experts in different sections, w'hilst in these days a single 
individual can scarcely gain an equal mastery of the whole. As specialization in 
spectroscopy becomes more narrow', so is one the more pleased to have at hand a well 
coordinated and admirably compiled account of the whole field of emission spectra. 
The literature of the subject is much enriched by its publication. 

C. C. C. Baly. 

Das Rhenium. By Dr. W. SchrOter, w r ith an introduction by Dr. W. Noddack. 

25.5 cm. x 16.5 cm.; pp. 59. Stuttgart: Ferdinand Enke, 1932. Price: RM. 5.50. 

Though w'e welcome this account of the earlier chemistry of rhenium it is, w'e feel, 
published at an unlucky moment. Since rhenium became available commercially 
a number of workers have so extended our knowledge of the element that some parts 
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of the book, and those not unimportant, are already out of date and misleading. 
While much of the book is very useful and illuminating, the reader, unfortunately, 
cannot be quite sure, especially about the simple chemistry of rhenium, without 
checking it by the original publications of the last two years or so or by the excellent 
account given in the recently published volume of “Mellor.” 

The extraction of rhenium from various minerals, particularly molybdenite, and 
its subsequent purification are fully described, but the brief account of its technical 
production carefully refrains from any indication of the actual source of the element. 

Much interesting information is given about metallic rhenium but the description 
of its compounds needs correction, even in a review. There is no sure evidence of 
hexavalent rhenium or of the rhenates indicated on pages 12 and 39. The existence 
of Re 2 0 8 , described at length on pages 32 and 33 has been disproved. No mention 
is made of the very characteristic and interesting pentoxide, Re 2 () 6 . Rhenium hepa- 
tachloride and hexachloride, which are described (page 39), do not exist; while the 
very characteristic volatile, black, crystalline tetrachloride, the main product of the 
action of chlorine on the metal, is not even mentioned (pages 40 to 42). Another 
serious omission is that of the equally characteristic and interesting volatile, stable 
oxychlorides, ReOCl, and Re0 3 Cl. 

The book concludes with a section on the occurrence of rhenium and tables which 
show very clearly how insignificant that occurrence is except in certain varieties of 
molybdenite from Norway and Japan. A bibliography of the literature of rhenium 
is given from its discovery in 1925 to 1931, but this, as has been indicated, omits 
recent work including some papers published in 1931. 

* 

Applied X-rays. By O L. Clark. Second edition (first edition, 1927). pp. 470. 

New York: McGraw-Hill Book Co., 1932. Price: $5.00. 

The grow th of the application of x-ray science to a study of material structures 
is remarkably demonstrated by a comparison of the tw r o editions. The new’ volume 
is about 200 pages longer than the first. The first part of the later edition deals with 
the fundamental physics of x-rays, use of x-ray spectra in chemical analysis, and de¬ 
scription of modern equipment. Chapter 3, dealing with x-ray tubes, is an excellent 
feature of the book. A variety of high grade tubes for the various uses, radiography, 
deep therapy, crystal analyses, and chemical analysis, is now’ available and these are 
clearly described. Anyone planning to select equipment w’ill find this chapter very 
useful. The following chapter on high tension equipment also contains much useful 
information. 

The second half of the book describes the standard methods of x-ray analysis of 
crystals, but does not list the line-extinctions corresponding to the different space 
groups. For this purpose, recourse must be made to tables by Wyckoff or other work¬ 
ers. Then follow’s an excellent summary of the results of crystal analyses of inorganic 
compounds, and of alloys, giving due attention to the excellent contributions to 
crystal chemistry by Goldschmidt and Westgren. One chapter is devoted to carbon 
compounds w ith descriptions of the w f ork in laboratories of Sir William Bragg and of 
Trillat. A good deal of attention is given to the study of the condition of solids as 
regards grain-size, orientation, internal strain and mechanical deformation. This 
branch of x-ray science will undoubtedly be extended more and more in the near 
future. The effects of draw ing wire and rolling sheet metal on crystal orientation and 
on physical properties are already a subject of much interest. 

The last chapter is devoted to high polymers, such as rayon, cotton, rubber, and 
human muscle. Many studies of stretching fibers are reported and illustrated 
with excellent photographs. The new’ high-intensity x-ray tubes permitting very 
short exposures will prove useful in this field. 
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The book forms part of the International Series in Physics, edited by F. K. Richt- 
myer. It should prove a useful part of the working library of all investigators in 
x-ray science. 

N. W. Taylor. 
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Preliminary papers describing a pressure of displacement method for 
the measurement of adhesion tension were first published from this labora¬ 
tory in 1927 (1). At that time the method used was new; it was time-con¬ 
suming and required much patience and exactness of technique. Calcula¬ 
tions were dependent upon the use of contact angle values, which values 
were of necessity obtained in the course of the investigation and by indirect 
methods. Certain fundamental assumptions were made which, though 
apparently justified, had not been subjected to rigorous experimental 
tests. Although there was no reason to believe that the results were seri¬ 
ously in error, publication of the major part of them was withheld until 
portions of the work had been rechecked and the soundness of each individ¬ 
ual step of the method more definitely established. 

As one step in the determination of contact angles, the pore radii of 
compressed powder membranes were determined by the pressure of dis¬ 
placement method. Comparison of results obtained with this method and 
with a method based upon application of Poiseuille's law showed close 
agreement (2). This fact tended to justify the use of the pressure of dis¬ 
placement method for the measurement of pore radii. 

The angle of contact formed between certain liquids and a solid in the 
presence of air, and of certain liquid-liquid systems in contact with solid, 
were determined by different methods. Values obtained for liquid sys¬ 
tems in transparent single capillary tubes (3) in which measurements were 
made directly by a photomicrographic method, were in good agreement 
with those obtained by the pressure of displacement method. 

Adhesion tension, A has been defined as the difference between the 
surface tension of solid, S u and the interfacial tension of this solid, Su, in 
contact with a given liquid, i.e., 

Ai2 "• Si — Sit 

There has been some question as to whether the indirect pressure of dis¬ 
placement method will actually give a true measure of the value Si — Su. 
In this method as developed it was necessary to measure interfacial contact 
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angles, 0 M , of organic liquid and water in contact with each other against 
a solid. In some of the systems studied by us there must have been an 
appreciable mutual solubility of the organic liquid and water. It was not 
known to what extent this mutual solubility would invalidate the final 
results. The free surface energy values of the interfacial systems (solid- 
air and solid-liquid) should be numerically equal to the interfacial tension 
values of these systems and the symbols, Si and Si 2 , have been used also 
in referring to free surface energy values. When used to represent free 
surface energy values, the expression Si — S J2 should represent the energy 
of immersion, i.e., should represent the free surface energy change which 
occurs when the solid substance is immersed within the liquid. 

To test this point an investigation was undertaken in which the energy 
of immersion of a solid (silica) was determined for a series of organic 
liquids (4). It was found that energies of immersion thus obtained show 
good agreement with those calculated from data obtained with the pressure 
of displacement method. It thus appears that the adhesion tension value 
of a given solid-liquid system (i.e., for the systems studied) as determined 
by the pressure of displacement method is numerically equal (or at least 
very nearly equal) to the free surface energy change which occurs when the 
solid is immersed in the liquid. 

Every step of the pressure of displacement method has been checked by 
at least one different and independent method and in every case the results 
obtained have been found to be in agreement. It appears, therefore, that 
all assumptions which were made in connection with the pressure of dis¬ 
placement method were justified. Accordingly we feel that we can now 
release data which have been accumulated over a period of years. In the 
present paper will be presented t he data obtained in the preliminary york 
(i.e., prior to 1927), and in later papers will be given data obtained in more 
recent researches. Much of the latter work has been done with materials 
of a high degree of purity and with such improvements in method as have 
developed as the work has progressed. 

PRELIMINARY EXPERIMENTS 

Some of our first experiments on relative wetting of solids by liquids 
were made by means of the method of Reinders (5) and of Hofman (6). 
Solids used were carbon black, ultramarine blue, and Prussian blue. 
Liquids used were water and different organic liquids. About equal quan¬ 
tities of water and of organic liquid were put into a test tube with a small 
amount of the finely divided solid and shaken. It was noted that carbon 
went exclusively to the organic liquid phase and ultramarine blue to the 
water phase, while Prussian /blue failed to show a decided selective wetting 
tendency. If the Prussian blue powder were first wetted by water it 
tended to remain in the water phase; if first wetted by organic liquid it 
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was then not readily wetted by water, but in either case a fairly large pro¬ 
portion of it tended to remain finally at the water-organic liquid interface. 
This method was useful in obtaining qualitative evidence on relative de¬ 
grees of wetting of different solid-liquid systems, but no quantitative 
relationships could be obtained with it. 

DISPLACEMENT OF ONE LIQUID B\ ANOTHER FROM A SOLID 

It occurred to us that instead of observing to which liquid phase the 
solid particles would go, it might be to advantage to reverse the procedure 
and by working with a comparatively large amount of solid, as a compact 
membrane, to determine in which direction the liquids would move. It 
was believed that data obtained should give information concerning the 
interfacial tension relationships of the system, and hence information con¬ 
cerning relative degrees of wetting. 

If a diaphragm be prepared by firmly packing a finely powdered solid, 
it forms a membrane containing a large number of fine capillary pores; 



Kn, 1 Xppuhtus for Liquid Displacemem 

membranes of this type have previously been employed for the measure¬ 
ment of osmotic pressures (7, 8) 

From the theory of capillary action it may be concluded that a liquid 
will not pass through such fine capillary pores unless it first wets the pore 
walls, but that, if the liquid does wet the pore walls, it will travel through 
the pores and so-called capillary action will occur. In case two liquid 
columns are in contact within such pores, other factors bemg equal, that 
liquid giving the higher interfacial tension against the solid will be dis¬ 
placed by the other liquid. 

The first apparatus used by us for liquid displacement is represented in 
figure 1. 

It consisted of a glass tube 3 sq. cm. in cross-section and 20 cm. in length 
provided with three-way stopcocks, with outlet tubes, a and a', and glass 
reservoirs, b and b' t mounted near the ends. Pigment wetted by one of the 
liquids was packed into the tube to the half-way mark, and pigment wetted 
with the other liquid was packed against this until the tube was filled, 
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after which stoppers were inserted in the ends of the tube. In this way 
two thick membranes were obtained, each wetted by a liquid, the two 
liquids being immiscible and in contact. In case of liquid displacement 
the direction and the amount of displacement could be determined by 
noting the change in length of the liquid columns in the outlet tubes. Any 
loss of liquid by leakage or by evaporation could be detected by comparing 
the movement in one capillary tube with that in the other. 

The initial results obtained are shown in table 1. Fairly good checks 
were obtained in a series of experiments with each of these systems. When 
Prussian blue was used as solid there was practically no movement of the 
liquid column in either direction. The results were all in good agreement 
with those obtained in the test tube experiments mentioned above. The 
apparatus can be easily constructed and is suitable for qualitative measure¬ 
ments. 

Various types of apparatus were next tried, but for lack of space will 
not be described. 


TABLE 1 


NO 

SOLID PHASE 

I1QUID A DISPLACES 

LIQUID B IN 5 HOURS 

1 

Powdered glass 

Water 

Benzene 

100 cm. 

2 

Powdered glass 

Water 

Turpentine 

8 cm. 

3 

Carbon black 

Benzene 

Water 

60 cm. 

4 

Carbon black 

Turpentine 

Water 

45 cm. 

5 

Ultramarine blue 

Water 

Turpentine 

20 cm. 

6 

Ultramarine blue 

Water 

Benzene 

70 cm. 

7 

Ultramarine blue 

Water 

Kerosene 

36 cm. 


DEVELOPMENT OF METHOD AND APPARATUS FOR DETERMINATION OF 
DISPLACEMENT PRESSURES 

The displacement cell used in the main investigation herein described 
is shown in figure 2. 

The cell consisted of a cylindrical tube of brass, into which the powdered 
solid could be firmly compressed. This was accomplished by means of 
tightly fitting perforated plungers. 1 A fine-mesh cloth disc was placed 
over the powder to prevent escape through the perforations. After com¬ 
pression of powder the plungers were firmly secured in place by means of 
steel yokes, bolts, and nuts. The apparatus was made leak-proof by em¬ 
ploying rubber, leather, or lead gaskets, which were held tightly in place 
by screwing down a threaded nut and gasket. Glass capillary tubes were 
fastened securely into the outer ends of the plungers. One of these tubes 

1 In practice special packing plungers are used. In construction they are similar 
to the plungers herein described. 
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was fastened by means of a ground glass joint to a pressure gauge or ma¬ 
nometer. The other tube served as a displacement indicator. Movement 
of liquid within the cell was detected by movement of the meniscus of the 
liquid in this (capillary) tube. 

The solid to be studied was reduced to a fine powder. Best results 
were obtained by grading this powder to a uniform particle size (200 
mesh to 300 mesh is highly satisfactory). This powder, dry or thoroughly 
wetted by liquid as the case might demand, was packed in about 1-g. 
increments in the manometer end of the cell by means of a laboratory hy¬ 
draulic press. A packing pressure of approximately 150 atmospheres was 
used. After the cell was about three-fourths full, the solid material wetted 
by the displacing liquid was then added and compressed. While the cell 
was still in the press and under pressure, the plungers were secured in place 
by the steel yokes and bolts. The apparatus, when assembled, was found 



Fig 2 Displacement Cell 

A, cell casing; B, plungers ;C, parking gland ;D, packing ring; Earn! E', steel yoke; 
F, steel bolts; G, outlet tube; H, cap; l, packing material; J, perforated plate; K, 
glass capillary; L, powdered solid. 


to withstand internal pressures as high as 100 atmospheres without ex¬ 
hibiting leaks. 

METHOD OF OBTAINING DISPLACEMENT PRESSURES 

After the cell had been properly filled with wetted powder it was quickly 
attached to the indicator tube and manometer. Air pressures were set up 
of such magnitude us to prevent an appreciable movement of liquid within 
the cell. As the liquid tended to move, the opposing pressure was in¬ 
creased. In this way the pressure was built up to the maximum value 
necessary to prevent any advance of liquid. This operation usually re¬ 
quired a number of hours. Sometimes twenty-four to thirty-six hours 
elapsed before it could be concluded that maximum or equilibrium pressure 
had been reached. Each of the pressure values recorded is an average of 
a number of independent runs. It often required a number of days to 
obtain one properly checked pressure of displacement value. Pressure 
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values obtained by a series of runs for any given system usually checked to 
within less than 1 per cent. 2 


MATERIAL USED 

The carbon used was a Germantown lampblack. It was treated with 
ether to remove greasy material, then dried and heated for a short time 
to approximately 1200°C. It was finally evacuated at less than 10“ 4 mm. 
pressure for sixty to seventy hours and wetted with the required liquid 
while still under vacuum. The silica was technical “Tripoli” which was 
treated with hydrochloric acid, thoroughly washed with water, dried and 
heated in a muffle furnace to approximately 1200°C. Analysis gave 99.15 
l>er cent silica. It should be pointed out that all results recorded for a 
given solid were obtained from a single batch of solid material. The liq¬ 
uids were of average c. i\ grade and were not highly purified. It was 
thought that in this initial work an attempt to use highly purified materials 
was not justified. 


RESULTS 

The results obtained with silica and with carbon black are given in 
table 2. 

The effective pore radius, r, was calculated from displacement pressures 
of benzene-air and was found to be 2.1 X 10 4 cm. for silica and 9.3 X 
10 6 cm. for carbon. 

The adhesion tension of a-bromonaphthalene against silica, A 12 , was 
found to be 41.92, and of water against silica, 81.5 dynes per centi¬ 
meter The adhesion tension of water against carbon, A J3 , was found to be 
54.74 dynes per centimeter. With these adhesion tension values for water 
against the two solids, the adhesion tension values of the other liquids 
could be determined (provided the values of the interfacial contact angles 
023 were known) since the values of their interfacial tension, N 23 , could be 
obtained from the literature. The following equation is applicable: 

-In = A 12 + Su cos d>z (for silica) 

In their work on liquid absorption, Kartell and Hershberger (9) made 
the observation (hat “the order of decrease in the free surface energies 
which occur when a polar solid is wetted by each of a series of zero contact 
angle liquids is the same as the order of decrease in free surface energies 

* In a recent article (Davis and Curtis: Ind. Eng. Chem. 24 , 1137 (1932)) describ¬ 
ing the use of this method in another laboratory, it was pointed out that “results 
have been checked with the same briquettes w ithin about 5 per cent and with differ¬ 
ent briquettes within about 8 per cent maximum variation for a given liquid.” These 
results can mean only that the method as used in that laboratory was not under 
proper control for accurate w'ork. 
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which occur when water is brought into contact with this same series of 
liquids.” 

In view of this generalization the liquids given in table 2 are placed in 
the order of progressive decrease in free surface energy exhibited when they 
are brought into contact with water. This order is likewise the order of 
decreasing interfacial tension values (column 3) of the organic liquid-water 
systems. It is interesting to note that this order is, with few exceptions, 


TABLE 2 

A dh is ton tension data 


Orgamt liquids against carbon and against silica 





CARBON 


<s* 

•s*» 

r * 9 5 X 10 «fin 
.In (for water) - 

54 74 

6>i 1 In 

Carbon disulfide 

31 3 

48 1 

41°35' 

90 77 

Carbon tetrachloride 

26 1 

44 5 

44°45' 

86 38 

a-Bromonaphthalene 

44 0 

41 6 

35°03 / 

88 81 

Toluene 

28 1 

36 1 

40°40' 

82 10 

Benzene 

28 3 

34 6 

40°30 / 

81 03 

Chloroform * 

26 5 

31 6 

37°25' 

79 83 

“Decalin” 

31 0 

26 7 

35°45' 

76 38 

Nitrobenzene 

43 3 

25 3 

nw 

79 58 

“Tetralin” 

32 8 

22 4 

11°35' 

76 70 

Butyl acetate 

24 1 

13 2 

33°00' 

65 78 

Ethyl carbonate 

25 8 

12 4 

29°25' 

05 55 

Amyl acetate 

24 4 

10 9 

34°40' 

63 68 

Ether 

16 5 

10 7 

61°30' 

59 85 

Propyl acetate 

23 8 

9 6 

29°15' 

03 09 

Ethyl acetate 

23 4 

6 8 

50°20' 

59 07 

Aniline 

42 5 

5 7 

15°45' 

00 22 

Amyl alcohol 

23 7 

5 0 

35°25' 

58 77 

Benzyl alcohol 

39 4 

4 8 

32°50' 

58 73 

Isobutyl alcohol 

22 4 

1 8 

0*00' 

50 60 


I»1U( A 

r =. 2 l x 10 * 

4 ii (for wator) - 81 5 
•In (for a-bromonajph- 
thaleoe) - 41 92 


Bn 

.In 

37°10' 

43 2 

19°00' 

39 5 

13°30' 

41 1 

38°50' 

53 4 

28°40' 

51 2 

43°40' 

58 7 

37°30' 

61 4 

44°40' 

72 1 

44°45' 

73 7 

42°55' 

74 4 

37°10' 

70 1 

82°05' 

73 8 

37°45' 

77 5 

5°45' 

80 7 


the order found for increasing adhesion tension values, /l,**, for silica (col¬ 
umn 7). 

It is also to be noted that the order of a series of liquids showing increas¬ 
ing adhesion tension values against silica is just the reverse of the order 
showing increasing adhesion values against carbon. Liquids giving the 
highest adhesion tension values against silica give the lowest adhesion 
tension values against carbon and vice versa. 

It is further to be noted that for each one of this series of liquids the 
sum of the adhesion tension values of liquid against carbon and against 
silica is practically a constant. This is a striking fact, and will probably 
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lead to an important generalization. It is felt, however, that further 
information should be obtained before an explanation is attempted. Data 
with other solid-liquid systems are now being obtained in the hope that 
an obvious and valid generalization may be deduced. 

WORK OF ADHESION 

When the liquids are arranged in groups representing similar chemical 
constitution, consideration of the different work of adhesion values brings 


TABLE 3 

Work of adhesion of a series of liquids against carbon f silica and water 



CARBON 

W a 

an it a 

Wa 

WATFR 

W a 

Benzene 

109 3 

79 4 

65 7 

Toluene 

110 2 

81 5 

64 1 

Nitrobenzene. 

122 8 

104 7 

90 1 

Aniline 

102 7 

117 2 

108 9 

a-Bromonaphthalene . 

132 8 

85 1 

74 5 

Tetralin 

109 5 


82 5 

Decalin 

107 4 


76 4 

Chloroform 

106 2 

85 2 

67 0 

Carbon tetrachloride 

112 4 

65 6 

53 7 

Carbon bisulfide .. 

122 1 

74 5 

55 3 

Ethyl acetate 

82 6 

99 5 

88 7 

Propyl acetate 

86 8 

98 1 

86 3 

Amyl acetate 

88 1 

98 0 

85 6 

Butyl acetate 

89 8 

96 2 

84 0 

Amyl alcohol 

82 5 

101 2 

90 8 

Isobutyl alcohol 

79 0 

103 1 

92 7 

Ethyl carbonate 

91 4 


85 5 

Ethyl ether 

76 4 


77 9 

Water 

126 8 

153 6 

144 16 (-We) 


out interesting relationships when the different work of adhesion values 
are considered (table 3). The work of adhesion values, expressed by the 
equation, 

Wa - Si + S % - Sn, or W a « A l2 + S , 

i 

are, for the different members of a given group (liquids of similar constitu¬ 
tion), of very nearly the same magnitude when considered for a given 
system, i.e., for either carbon, silica, or water. 
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The work of adhesion values of benzene and of toluene against carbon 
are practically the same. The values for these two liquids against silica 
are similar, and the values against water are likewise very nearly the same. 
The other aromatic compounds give high work of adhesion values against 
carbon. Aniline and nitrobenzene give relatively high values, both against 
silica and against water. This is probably due to the effect of the polar 
group. Chloroform, carbon tetrachloride, and carbon disulfide give high 
values against carbon, but considerably lower values against both silica 
and water. The alcohols give slightly higher values against silica than 
do the acetates. When the work of adhesion values are considered from 
the standpoint of molecular orientation the results are in approximately 
the order one would expect. 

It has been pointed out earlier in the paper that no high degree of purity 
is claimed for the liquids used and that the characteristics of the solids 
cannot be accurately described. In later investigations it has been found 
that the adhesional properties of carbon can be altered, and that these 
properties are dependent upon the precise treatment to which the carbon 
has been subjected (10). But little was known of the structure of the 
silica used in this investigation since it was “purified” technical “Tripoli.” 
In subsequent investigations carried out in our laboratories fused quartz, 
analyzed white sand, and other forms of comparatively pure silica have 
been used. With these latter materials the adhesion tension values have 
been somewhat lower (in some cases 6 dynes lower) than those obtained 
with the “Tripoli.” The adhesion tension values for water against these 
pure silicas were found to range from 76 to 79.5, as compared with the 
value 81.5 found in this investigation. Inasmuch as all the other values 
determined are dependent upon the water-silica value, the values for the 
other liquids are correspondingly lower in the later work. At the time the 
work herein reported was carried out, only one liquid forming a contact 
angle against silica was used, namely, a-bromonaphthalene. In later 
work a number of other liquids have been used and have been found to 
give values which are in agreement. Recent work with a-bromonaphtha- 
lene has shown that contact angle values obtained with it are dependent 
largely upon the precise nature and manner of treatment of the silica sur¬ 
face (11). The data herein presented are reasonably accurate for the sur¬ 
faces used, however, and since they may prove to be of considerable practi¬ 
cal value, should be made available. Much time must elapse before the 
exact degree of accuracy of the values can be definitely determined, but 
when used in the light of relative values they are certainly significant 

SUMMARY 

1. An account is given of the preliminary work carried out in the devel¬ 
opment of methods for the determination of adhesion tension data. 
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2. The pressure of displacement method for the measurement of ad¬ 
hesion tension is described in considerable detail. 

3. Adhesion tension values and work of adhesion values obtained with 
a series of liquids against silica and against carbon are given. 
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The Effect of Electrolytes and of Colloids of Opposite Sion on 
the Stability of Colloidal Systems 
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R edited July 20, 19S2 

A. The Effec t of Electromtes on the Stability of 
Colloidal Systems 

introduction 

It is well known that addition of electrolytes to lyophobic colloids, whose 
prime factor of stability is an electric potential originating in the Helmholtz 
double layer, results in a decrease in the stability of the dispersed particles. 
When sufficient electrolyte is added the decrease in stability is manifested 
by coagulation of the sol. Schulze (1) long ago found that electrolytes 
with polyvalent ions were the better coagulators. This generalization is 
modified (2), however, by the adsorbabilities of the ions. 

Hardy (3), while studying the cataphoresis of denatured egg albumen, 
concluded that coagulation resulted only when there was no migration of 
tlie particles in an electric held. Powis (4), however, has shown in the 
case of hydrophobic colloids that it is not necessary to reduce the particles 
to an isoelectric condition in order to produce coagulation. 

Since there thus appears to be a definite relationship between the rate of 
cataphoresis and colloidal stability, migration data may be used as a 
measure of the stability of sols, assuming that these measurements are 
proportional to the stabilizing potential. It is to be emphasized that 
velocity determinations offer a means of following changes in the stability 
of suspensoids before coagulation takes place. An ull ramicroscopic 
technique was employed in the present investigation. This method affords 
a high degree of accuracy in measuring cataphoresis and in addition pre¬ 
sents the unique opportunity of obtaining reliable velocity measurements 
after coagulation has taken place. 

The data submitted in Part A are on a group of sols which were used in 
the mutual coagulation study reported in the following paper. 
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PREPARATION OF SOLS 

The following sols were used: positive arsenic trisulfide, iron oxide, 
aluminum oxide, chromium oxide, and negative iron oxide, stannic oxide, 
manganese dioxide, arsenic trisulfide. 

Attempts were made to prepare the positive arsenic trisulfide sol by 
recharging a negative sol with thorium nitrate solution. However, these 
efforts were unsatisfactory in that considerable precipitation of arsenic 
trisulfide always resulted regardless of the method of mixing. Subse¬ 
quently it was found that if a solution of arsenious oxide was added to a 
dilute solution of thorium nitrate and hydrogen sulfide passed into this 
mixture, a stable positive sol was formed. The sol was then washed with 
hydrogen. 

The positive iron oxide sol was prepared by hydrolysis of ferric chloride in 
boiling water and then purified by dialysis for a week at 70-90°C. The 
negative iron oxide sol was obtained by adding an equal volume of a dilute 
potassium ferrocyanide solution to a portion of the positive sol. It re¬ 
quired only 0.025 millimol of the electrolyte per liter to produce a stable 
negative colloid. 

The other colloids were made by standard methods. The sols were 
dialyzed in collodion sacks to reduce the presence of electrolytes to a 
minimum. 


EXPERIMENTAL 

The cataphoresis determinations were carried out by a method pre¬ 
viously described (5). 

Samples of sol for observation with the ultramicroscope were prepared 
by diluting the original stock colloids. The amount of dilution was 
determined by the “visibility” of the particles. It was desired to employ 
the maximum concentration of colloid that would permit the observation 
of a single particle with the means at hand. In this manner it was possible 
to obtain reliable coagulation data along with the velocity measurements. 
The systems on which data are given were made by mixing 25 cc. of 
electrolyte solution with an equal volume of sol. The samples were run 
approximately one-half hour after mixing. The time necessary for a 
particle to traverse 200 n was recorded. Ten readings were taken in 
alternate directions using a potential of 91.5 volts between electrodes 
11.5 cm. apart. The mean was selected for calculation of the velocity. 

After the velocity determinations had been made the samples were set 
aside for twenty-four hours. Observations for coagulation were then 
made. 1 

s 

1 In the interests of space economy, migration and coagulation data are not pre¬ 
sented in tabular form. Migration data are represented graphically. Coagulation 
data may also be interpolated from the graphs since, within close limits, the sols 
coagulated when the velocity of the particles had been reduced to ±2.0 m per second 
per volt per centimeter 
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RESULTS 

The order of anions in reducing the migration velocity of the aluminum 
oxide sol is Fe(CN) f , > P0 4 > Cr0 4 > S0 4 > Cl. The same order is 
maintained with positive iron oxide. Figures 1 and 2 show graphically 
the behavior of the two sols with electrolytes. The data with chromium 
oxide are plotted in figure 3. A different order of the anions is encountered 
with this sol, i.e., Cr0 4 > S0 4 > P0 4 > Cl. The position of the ferro- 
cyanide ion in the lyotropic series was not determined. For concentrations 
up to 0.016 millimol per liter the tetravalent ion had no more effect in 
discharging the chromium oxide particles than the phosphate ion. In¬ 
creasing the concentration of potassium ferrocyanide past 0.016 millimol 



Fig. 1 

per liter led to the formation of a gelatinous precipitate which clogged the 
cataphoresis cell and made working conditions impossible. 

Figure 4 brings out the following order of anions with positive arsenious 
sulfide: Fe(CN)« > S0 4 > P0 4 > CrO t > Cl. The position of the sul¬ 
fate ion is questionable, since at low concentrations it is not as effective as 
phosphate. The striking thing about figure 4 is the potassium chromate 
curve. It does not seem probable that the potassium ion would charge 
the micelle in the presence of the bivalent chromate ion. A faint greenish 
opalescence had been noted in the samples containing potassium chromate. 
This suggested a reduction to chromic ion by the hydrogen sulfide incom¬ 
pletely removed when the sol was washed with hydrogen. To test this 
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Fig. 2 



Fia. 3 
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point potassium chromate was added to a negative arsenic trisulfide sol 
until the mixture contained 0.1 millimol of the electrolyte per liter. The 
migration velocity of the negative sol was reduced from —3.4 to —1.0 n 
per second per volt per centimeter and the sol coagulated. This indicates 
strongly that the anomalous behavior of chromate with positive arsenic 
trisulfide can be explained by the reduction of the bivalent negative ion to 
ehiomic ion. The results with the negative arsenic trisulfide sol and 
potassium chromate were probably due to failure to remove all of the 
unadsorbed hydrogen sulfide during the process of washing with hydrogen. 
If it be assumed that adsorbed hydrogen sulfide is not free to act as a 



Fig. 4 


reducing agent, then the behavior of an arsenic trisulfideso 1 with chromate 
ion should give an indication of its purity. One is in a quandary when 
removing the hydrogen sulfide from an arsenic trisulfide sol, because if 
the washing is carried out too far the arsenic trisulfide hydrolyzes. 

The data with negative sols and electrolytes are plotted in figures 5 to 8. 
From figure 5 the order of cations with arsenious sulfide is Th > Or ' A1 
> Fe > Ba > K at low concentrations, with aluminum and iron exchang¬ 
ing places at higher concentrations. The stannic oxide curves in figure 6 
give Th > A1 > Cr > Fe > Ba > K for the order of ions at the lower 
concentrations, with the order changed to Al, Th > Ba > Or > Fe > K 
at the highest concentration studied. The order of cations with man- 


Velocity, yjsecj vjcm Velocity, fj/sec/v/cm 
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Fig. 5 



Fig. 6 
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ganese dioxide is Th > A1 > Cr, Fe > Ba > K but this is altered to 
Th > Cr, Fe > A1 > Ba > K when 0.2 millimol per liter of the electro¬ 
lytes is present. Figure 8 with negative iron oxide indicates that Th > 
Cr > A1 > Fe > Ba > K is the order of effectiveness of cations in de¬ 
creasing the mobility of the particles. 



Fig. 7 

If we are to assume that there is a relationship between migration 
velocity and stability, the above orders of ions might serve as lyotropic 
series. 

Some of the salts used were considerably hydrolyzed, as evidenced by 
the following pH values determined with a glass electrode. 2 The data are 
for M /1000 solutions. 


* The pH data were kindly supplied by Mr. Herbert Ellison. 
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Electrolyte 

pH 

AlCl,. 

3 6 

CrCl, 

2 8 

FeCl, 

2 3 

Th(NO»)< 

2.7 


It is evident that the amount of free acid varies with the electrolytes. 
Therefore it was thought of interest to investigate the effect of the hydrogen 



ion on the migration velocity of the sols. Figure 9 shows the behavior 
of negative sols with hydrochloric acid. Hydrochloric acid exhibits a 
strong, antagonistic, charging action with the arsenic trisulfide sol. At low 
concentrations the acid is quite inactive in discharging the tin oxide 
particles, but it is very effective at higher concentrations. 
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DISCUSSION 

At this point it is necessary to distinguish between lyotropic series 
associated with the coagulation of sols and the lyotropic series presented 
here. The former are obtained by determining coagulation values, i.e., 
by noting the minimum concentration of electrolyte which produces 
complete precipitation in a given length of time. When different ions are 
used it is found that different concentrations are required to produce 
coagulation. The ion which coagulates the sol in the lowest concentration 
is given first place in the lyotropic series. As a rule the higher the valence 
of the coagulating ion the more prominent is its position in the series. 
It has been shown by Powis (4) that coagulation occurs when the stabiliz¬ 
ing potential is reduced to 30 millivolts. A critical potential with the 
above value corresponds to a migration velocity of about 2 ^ per second 
per volt per centimeter in our experiments. Thus we can form an opinion 
concerning the attributes of an ion as a coagulator from the concentration 
needed to reduce the mobility of the colloid particles to the critical value. 

In the present study the data necessary for deducing lyotropic series 
were obtained by adding the same concentration of different ions and 
noting the decrease in mobility of the sol particles. The ion which pro¬ 
duced the greatest decrease in velocity was given the leading position in 
the series, the other ions being placed accordingly 
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The electrolyte curves in figures 1 to 4 for positive sols are well defined 
at velocities greater than 2 /x- This fact makes it possible to deduce 
lyotropic series which would be identical with lyotropic series determined 
from flocculation values for the same sols. 

Figure 7, for manganese dioxide, shows that there is no difference in the 
concentration of trivalent ions required to reduce the velocity of the 
particles to the critical value, i.e., to produce coagulation. On entering 
the unstable zone the curves spread out. This may be interpreted to mean 
that there is a difference in the degree to which ferric ions, aluminum ions, 
and chromic ions enter the double layer in the unstable zone. The same 
phenomenon is shown with negative iron oxide in figure 8. Thus, although 
flocculation data sometimes fail to indicate the existence of lyotropic effects, 
they may be present and well defined. 

An inspection of the curves in figures 5 to 8 for negative sols shows that 
the order of coagulating ions can be deduced clearly only in the case of 
arsenic trisulfide. The lyotropic series is Th > Cr > A1 > Fe > Ba > K. 
In figure 5 the ferric chloride and aluminum chloride curves cross. At a 
concentration of about 0.15 millimol per liter the two electrolytes are 
equally effective in decreasing the velocity of the colloid particles. The 
migration velocity at this concentration is about 0.9 m per second per volt 
per centimeter. The low velocity indicates the presence of an excess of 
electrolyte over that needed for coagulation. At higher concentrations 
ferric chloride becomes more effective than aluminum chloride in decreasing 
the velocity. The hydrochloric acid data throw no light on this unexpected 
behavior. These data do show, however, that the lyotropy with ferric 
chloride, aluminum chloride, and chromium chloride is not determined 
by the degree of hydrolysis of the salts. The fact that the curves cr&ss in 
an unstable region (between —2.0 n per second per volt per centimeter and 
the isoelectric point) where the probability of adhesion is high is of doubtful 
significance. Figure 7 shows that the same phenomenon is encountered 
in a stable region with recharged manganese dioxide. The electrolyte 
curves with stannic oxide, plotted in figure 6, are irregular before the first 
coagulation zone is reached. 

Somewhat similar results to these have been obtained by P. Tuorila (6) 
while investigating the migration velocity of clay suspensions on the 
addition of electrolytes. For example, at concentrations below 7 milli- 
mols per liter silver ion was found to be more effective than potassium ion 
in reducing the mobility, whereas, at concentrations over 7 millimols per 
liter potassium ion was more effective than silver ion in this respect. The 
relation of concentration to the lyotropic series was even more pronounced 
in the case of sodium perm tit it e suspensions. At concentrations of about 
0.0025 N the series found by Tuorila is Ba > Sr > Ca > Mg; at about 
0.005 N the series is Ca > Sr > Ba > Mg; while at 0.015 N the series 
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becomes Mg > Ca > Sr > Ba. The same investigator also observed 
different lyotropic series for different sols, e.g., for a paraffin sol the order 
of cations is Li > Na > K > Cs > Ag > H, while for a clay suspension 
the series is Li > Na > Ag, K > Cs > H. 

The pure positive sols of this study had markedly different mobilities, 
e.g., the particles of the chromic oxide sol migrated with a velocity of 4.8 m 
per second per volt per centimeter when no added electrolyte was present. 
The ferric oxide particles had a velocity of 2.7 g per second per volt per 
centimeter under the same conditions. A survey of figures 1 to 4 shows 
that the sulfate ion reduces the velocity of chromic oxide particles to the 
greatest extent; then follow arsenic trisulfide, iron oxide, and aluminum 
oxide. Phosphate ion reduces the mobility of the sols in the following 
order: Fe 2 ()3 > A1 2 0 3 > Cr 2 0 3 > AS 2 S 3 . If more were known about the 
electrical conditions at the interface and if the adsorbabilities of the’ 
neutral materials for these ions were known, an explanation for the inver¬ 
sions in order of the sols might be obtained. 

B. Effect of Colloids of Opposite Sign on the Stability of 
Colloidal Systems 

The sols used-in the mutual coagulation study, as well as the method of 
measuring migration velocities, were the same as in the sol-electrolyte 
investigation. In preparing the samples for observation the same method 
of mixing was followed in each case. That is, the sol which was to be 
present in the smaller amount was diluted to 50 cc. with distilled water 
and added to 50 cc. of the pure oppositely-charged sol. The mixture was 
shaken by hand during the addition and then set aside for one-half hour 
before making any observations. 

The results are shown in figures 10 to 17. In all cases the mixtures had 
the appearance of homogeneous colloids, i.e., the particles all travel in the 
same direction with uniform velocity. 

DISCUSSION 

From an electrokinetic standpoint the behavior of colloids with colloids 
of opposite sign is strikingly similar to the behavior of colloids with electro¬ 
lytes that contain a highly adsorbable ion of opposite sign. Thus when 
either of these substances is added in small amount to a sol, the latter 
experiences a decrease in mobility and a diminution in stability. When 
the added substance is a colloid of opposite sign precipitation occurs upon 
reaching the critical velocity . 8 When an excess of oppositely-charged 
colloid is mixed with a sol the latter is recharged. In all of these instances 
the behavior is well-known from electrolyte addition. 

1 The critical velocity, 2 per second per volt per centimeter, observed in these 
experiments corresponds to a critical potential of 30 millivolts (calculated from the 
Helmholtz-Perrin formula containing the factor 4) 
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From an inspection of figures 10 to 17, it is at once apparent that effects 
analogous to the lyotropy of electrolytes exist. In reporting this lyotropy, 
however, there is some question as to the method of comparison. Either 
of two methods may be employed directly with plots between migration 
velocity and concentration of added substance. That is, any ordinate 
(concentration = constant) or any abscissa (velocity = constant) might be 
drawn and the order of the curves cutting these lines would serve as a 
“lyotropic” series. If flocculation methods are used to study mutual 
coagulation a third way appears plausible, i.e., assuming the midpoint 
of the concentration range in the flocculation zone represents the optimum 
of precipitation and observing the values of these points for the different 
systems. This method was used by Weiser and Chapman (7). As they 
observed, the zone of flocculation may be either narrow or broad. The 
fact that a wide zone exists shows at once that the discharge curve has 
flattened out, but the position of the curve (from flocculation data) must 
only be a matter of speculation. Thus the system iron oxide-manganese 
dioxide (figure 15) would give an optimum, by this method, which really 
represents a mixture possessing an appreciable negative mobility. Simi¬ 
larly, the systems chromium oxide-arsenic trisulfide, aluminum oxide- 
arsenic trisulfide (figure 17) give apparent optima which represent mixtures 
possessing appreciable positive mobilities. Where the coagulation zone 
is narrow, however, so that the discharge curves pass through as approxi¬ 
mately straight lines, then the apparent optimum corresponds with the 
isoelectric point. 

The lyotropy observed in this study may be presented in the following 
manner. 

Ytlocity = constant = 0 


PositllU sol 

Order of negative sols 

As 2 81 

HnOi > Mn0 2 > Fe 2 0 3 > As 2 S 3 

Fe*Oa 

Sn0 2 , As 2 S 8 > Mn0 2 > Fe 2 0 3 

A1 2 0 3 

Sn0 2 > Mn0 2 > Fe 2 0 3 > As 2 S 3 

Cr 2 0, 

Sn0 2 > Fe 2 0 3 > Mn0 2 > As 2 S 2 

Negative sol 

Order of positive sols 

As 2 S 3 

Cr 2 0 3 > A1 2 0 8 > As 2 S 3 > Fe 2 0 3 

Fe 2 0, 

A1 2 0 3 > Cr 2 0 3 > As 2 S} > Fe 2 0 3 

Mn0 2 

Cr 2 0 3 ^ A1 2 0, ^ As 2 S 3 ^ Fe 2 Oj 

Sn0 2 

A1 2 0 3 > As 2 S 2 > Cr 2 0 3 > Fe 2 0 3 

Concinhation = constant =» 50 per cent 

Positive sol 

Order of negative sols 

As a Sa 

8nO a > Mn0 2 > Fe 2 0 3 > As 2 S 3 

Fe 2 0, 

, Sn0 2 > As 2 S 3 > Mn0 2 > Fe 2 0 3 

A1 2 0, 

Sn0 2 > Fe 2 0 3 , As 2 S 3 > Mn0 2 

Cr 2 0 8 

Sn0 2 > Fe 2 0 3 > As 2 S 3 > Mn0 2 
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Negativt sol 

AsaSj 

Fe s O, 

MnO- 

Sn0 2 


Order of positive sols 
AssSi > Cr 2 Oi > AljOj > FejOj 
AsjS* > CrjOj > AljOj ^ FejOi 
CnOa > AI2O3 > AsjSj > FcjOa 
AljOj > As^Sa > Or a Oj > FeaO* 


Since the percentage concentration calculated in all data is a volume 
percentage and does not refer to the number of particles, the significance 
of the lyotropy at 50 per cent is doubtful. The point of interest, however, 
is the fact that it is different from the lyotropy at the isoelectric point. 

It will be observed that the lyotropic effects apparent in figures 10 to 13, 
at low concentration of added sol are quite different from the lyotropy 
manifested in the presence of high concentration of added sol. This is 
analogous to the change in lyotropy with concentration of added electrolyte. 


SUMMARY 

1. An ultraimeroscopic method has been used to follow the changes in 
stability of sol-electrolyte mixtures and of mixtures of oppositely-charged 
colloids with changes in concentration. 

2. Lyotropic series for the coagulating ions were determined for each 
colloidal system* 

3. In some cases for a given sol the position of ions in the lyotropic series 
was altered when going from a low concentration to a higher one. Thus 
the series are, at low and high concentrations, respectively, 

For negative* arsenic trmulhde Th > Cr > Al > Fe > Ba > k 

Th > Cr > Fe > Al > Ba > k 

For stannic oxide* Th > Al > Cr > Fe > Ba > k 

Al, Th > Bn > Cr > Fe > k 

For manganese dioxide Th > Al > Cr, Fe > Ba > k 

Th > Cr, Fe > Al > Ba > k 

4. It has been demonstrated that lyotropic effects, which may be obscure 
from flocculation data, are shown clearly by cataphorctic measurements. 

5. The mobilities of mixtures of oppositely-charged colloids are some¬ 
where between the mobilities of the pure colloids comprising the mixture. 

6. The mixtures coagulate when the mobility is lowered to a critical 
value. 

7. Lyotropic series, indicating the relative effectiveness of a number of 
oppositely-charged sols upon a given sol, have been given. 

8. Evidence has been cited to show that the lyotropy encountered varies 
with the given sols as well as with the concentration of the added colloid. 
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INTKODU CTION 

The phenomenon to which the term “mutual coagulation” has been 
applied may be defined as the precipitation occurring when two colloidal 
systems are mixed. Although noted by Graham (1) in 1862, the first 
survey of mutual coagulation was made by Linder and Picton (2), who 
observed that the mutually precipitating sols were of opposite charge. 
Further, they cited the fact that in mixtures of strongly-negative and 
weakly-positive sols the resultant migration in an electric field was toward 
the anode unless a large excess of the positive sol were used. That is, 
mixtures of oppositely-charged sols are unstable only within certain limits 
of concentration. These general results were confirmed by a number of 
investigators (3) but made especially clear by Biltz (4). 

In 1910, Lottermoser (5), studying the behavior of mixtures of positive 
and negative silver iodide sols, attempted to explain the attendant coagula¬ 
tion as a consequence of a reaction between the stabilizing electrolytes— 
silver nitrate and potassium iodide. Making use of this idea and the well- 
known fact that certain combinations of negative sols, in which reactions 
between the peptizing ions might be assumed, are unstable (6), Thomas 
and Johnston (7) have deduced a general mechanism. Their view that 
the coagulation in the system ferric oxide-silicic acid is a result of the 
reaction H+ + OH~ — H 2 0 and, as such, should have an optimum where 
the concentrations of sodium hydroxide and hydrochloric acid are equiva¬ 
lent was upheld over a limited range. 

On the other hand Wintgen and Lowenthal (8) were led to conclusions 
diametrically opposed to a chemical mechanism. In a study of the system 
chromium oxide-stannic oxide they found that the maximum precipitation 
corresponds to that calculated from the charge of the particles (determined 
from transference experiments (9)). The results of Biltz (4) have also 
been used to show that the electric charge is the dominant factor in mutual 
coagulation. From his data excerpts have been made to prove the asser¬ 
tion that the order of effectiveness of a series of positive sols does not change 
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if different negative sols are used (10). This practice has not been in 
vogue since Bancroft (11) pointed out that the importance in Biltz’ results 
lay in the deviations from the order in such series. 

Weiser and Chapman (12), considering the widths of the flocculation 
zones in terms of the concentrations of the mutually precipitating sols, 
came to the conclusion that the mutual coagulation process may be deter¬ 
mined by a number of factors, namely, electrical neutralization, mutual 
adsorption of the particles, interaction between stabilizing ions, and the 
presence of excess electrolyte in the sols. They again observed inversions 
in the precipitating powers of a series of negative sols with a number of 
positive sols. 

It has been demonstrated that the ultramicroscopic technique used with 
sol-electrolyte systems can be satisfactorily employed in studying the 
velocities of mixtures of oppositely-charged colloids (13). Since such 
mixtures appear to behave as homogeneous colloidal systems in the im¬ 
portant respect that the particles under the influence of an electric field 
all migrate in the same direction and with the same velocity, it was believed 
that some information as to the nature of the units of the systems might be 
afforded by an investigation of their behavior with electrolytes. 

EXPERIMENTAL 

In general the systems used in this study were prepared by mixing two 
of the oppositely-charged colloids used in the previous studies. However, 
so little of the aluminum oxide and manganese dioxide stock sols remained 
that these were diluted with an equal volume of water before mixing. Two 
stock mixtures were made from each pair of oppositely-charged sols—one 
having a net positive and the other a net negative charge. 

The method of adding the electrolyte solutions and observing the migra¬ 
tion velocities was the same as that reported for unmixed colloidal 
systems in the first paper of this series (13), with the exception that the 
total volume of each sample was 50 cc. rather than 100 cc. 

RESULTS 

The data for mixtures bearing a net positive charge are plotted in figures 
1 to 3. Similar data for mixed sols bearing a net negative charge are 
plotted in figures 4 to 8. 

In all cases it is apparent that the addition of an ion carrying a double 
charge or greater increases the stability of a mixture possessing a net 
charge of the same sign. It will also be observed that the phenomenon 
seems to be different from the usual type of charging of a colloid by a 
highly adsorbed ion of like charge. Table 1 and the plot of the data 
therein (figure 9) make this difference more obvious. 
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50 cc. Fe 2 0 3 ; 1 cc. Mn0 2 ; 49 cc. H 2 0 



Fia. 4. Manganese Dioxide-Aluminum Oxide Mixture 
100 cc. MnO,; 2 cc. Ai*0,; 98 cc. H,0 
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Mill/mob electrolyte per liter 

Fig. 7. Arsenic Trisulfide-Iron Oxide Mixture I 
25 cc. FeA)i; 10 re. A8 2 S.,; 15 cc. H*0 


05 - -I 

Milhmob electrolyte per liter 

Fig. 8. Arsenic Trisulfide-Iron Oxide Mixture II 
25 cc. FeAi; 12.5 cc. As 2 S 3 ; 12.5 cc. H*0 
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TABLE 1 


MILUMOLS BaClt 
PER LITER 

TIME IN SECONDS 

VELOCITY m/BBC /v./CM 

AljO| 

Mixture* 

AltO* 

Mixture* 

0 

1 

6 7 

10 0 

+3 6 

+2 5 

0 2 

6 5 

7 9 

+3 9 

+3.1 

1 0 

7 2 

6 8 

+3 5 

+3 7 


* The mixture is the same as that referred to in figure 1, i.e., 25 cc. Al*Oi, 10 cc. 
MnOj, 15 cc. H 2 0. 



DISCUSSION 

In approaching the subject of mutual coagulation with the purpose of 
formulating a general theory for its mechanism, we are faced with the fact 
that in at least two ways a mixture of oppositely-charged colloids behaves 
like a simple system and in at least one way it is different. The floccula¬ 
tion of a mixed system occurs in the same manner and apparently for the 
same reasons as that of a “pure” sol. Also, the particles in a mixed system 
under the influence of an electric field migrate in the same direction and 
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with the same velocity. 1 The deviation from the behavior of a simple, 
unmixed system is apparent from a consideration of table 1 and figure 9. 
That is, the charging effect observed when the added ion is of high adsorb- 
ability and the same sign does not fall off at moderately high concentrations. 

When two oppositely-charged sols are mixed the stability of the system 
as a whole is lessened in some manner and an agglomeration of particles 
may or may not take place. Leaving aside for a moment the manner in 
which the stability is lowered, let us consider the probable nature of the 
particles in the mixture. If an aggregation does not take place and there 
are present only single particles of two different chemical substances, one 
would expect to find two different sets of velocity values in any given system, 
for the simple reason that in a competition for the excess ions which give 
the mixture a net positive or negative charge, the adsorbing powers of the 
substances are not the same. 

The environment in which mutual coagulation takes place has been 
found to be well adapted to a mutual adsorption of the two colloids (14). 
If adsorption of the oppositely-charged particles does take place, then some 
clue to the arrangement of the charges around the aggregates might be 
afforded by the behavior of the mixed system toward electrolytes. An 
aggregation to compound particles with the excess charges remaining after 
neutralization distributed uniformly around the aggregates would account 
for the fact that the particles in a mixed system migrate as single particles, 
i.e., in the same direction with uniform velocity. Moreover, the effect of 
electrolytes on the mobility of particles in a mixed system resembles the 
behavior of systems containing single particles under the same conditions, 
i.e., the mobility of particles in mixed systems is decreased by addition of 
ions of opposite sign to the mixture and enhanced by addition of ions of the 
same sign. However, a simple aggregation with uniform distribution of 
charges would not account for the fact that the charging effect does not 
fall off when the antagonistic ion is present in higher concentrations. 

From the shape of the curves in figures 1 to 8 it appears as if the increased 
stabilities of the mixtures were due to a discharge of the colloid of opposite 
sign present in the system. This may be a consequence of an unequal 
distribution of charges on the aggregate so that, for example, the arsenic 
trisulfide particles in a positive aluminum oxide-arsenic trisulfide mixture 
are still able to adsorb strongly a given cation. The phenomenon appears 
analogous to the ionic antagonism observed by several investigators (15), 
but a simple antagonistic effect presumably due to a regular preferential 
adsorption of an ion by the whole particle would not account for the con¬ 
tinued increase in stability at higher electrolyte concentrations. If the 

1 Although this statement is true for all of the mixed systems reported and also in 
an overwhelming number of other cases, the authors have encountered systems 
possessing two different mean velocity values. 
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adsorption is unequal for the two parts of the double particle, then one 
would expect the mixtures containing a small amount of one sol to show the 
charging effect only to a limited degree. That this is borne out is apparent 
from figures 3 to 6. The concept of an unequal charge distribution making 
the double particle, in some instances, effectively a distorted dipole with 
possibly a strong electrostatic attraction holding the component parts 
together seems to afford the best explanation of the data presented in this 
paper. An experimental verification or disproof might be furnished by a 
measurement of the dipole moment of a particle of this type. Under a 
very high potential gradient it might also be possible, in some cases, to 
split apart the double particles. 

The manner in which the stability of the system as a whole is lowered 
will now be considered. Thomas (16) considers that mutual coagulation 
is a result of chemical interaction between the ions stabilizing the oppo¬ 
sitely-charged sols. As the amount of added sol is increased the stabilizing 
ion of the added colloid presumably reacts with an equivalent amount of 
the ion stabilizing the oppositely-charged sol, forming a definite amount 
of a slightly-ionized compound. Presumably also, there then occurs a 
redistribution of the excess charges so that the stability of the system is 
lowered uniformly. At the isoelectric point the two stabilizing ions are in 
exact chemical equivalence and there are no excess charges. Thus it 
follows that if one adds the stabilizing ion of a given positive colloid 
through the medium of an electrolyte, he should reach the isoelectric point 
of a given negative colloid at the same ionic concentration as in mutual 
coagulation. The above deduction assumes that all the added ions are 
effective in causing coagulation. If this is not true, then the ion con¬ 
centration should be greater in the latter case than in the mutual coagula¬ 
tion process. This premise has been experimentally tested in mixtures of 
positive and negative ferric oxide sols. 

From the migration velocities of positive iron oxide-potassium ferro- 
cyanide mixtures (17) the amount of electrolyte present at the isoelectric 
point of a given positive sol may be calculated. Then, if a negative ferric 
oxide sol containing a known amount of potassium ferrocynnide per liter is 
added to the same positive sol, the electrolyte concentration in the iso¬ 
electric mixture may again be determined. A comparison of the two 
amounts, according to Thomas’ theory, should reveal the former to be at 
least as large as the latter. 

The results of the above procedure are given in table 2 for three different 
positive sols. In this case a mechanism solely dependent on a chemical 
reaction between the peptizing ions seems improbable. Also, in accounting 
for the variations in stability of certain mixtures, e.g., arsenic trisulfide- 
antimony trisulfide (18) and arsenic trisulfide-gamboge (19) on the basis 
of chemical reactions between the stabilizing ions, one is led to rather 
implausible speculations. 
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Various investigators (20) have demonstrated the fact that there exist 
inversions in orders of effectiveness for a given group of sols with several 
oppositely-charged sols. On the face of it one would be tempted to 
conclude that such being the case a unique explanation of mutual coagula¬ 
tion on the basis of electrical neutralization is impossible. That this does 
not necessarily follow even in the improbable case where no aggregation of 
particles is assumed, may be readily seen from the following considerations. 

If a positive sol composed of n x particles, each carrying a charge of q x 
units, be mixed with a negative sol composed of n 2 particles each carrying a 
charge of q 2 units, the mixed system will contain n 3 particles each bearing a 
charge of qz units and the sign of the mixed colloid will be determined by the 
relation rizqz = Wi</i + n 2 q 2 (assuming a mere ionic neutralization). In the 
simplest case n 3 = n x + n 2 . Since the product, n 3 q 3) is not measured but 
is only some function of the charge, r/ 3 , it is necessary to divide through by 
n x + n 2 . This fact, of itself, may produce inversions in a series for suitable 


TABLE 2 

Comparison of potassium ferrocyanide concentrations at the isoelectric point 


POSITIVE 801. 


miiximoi 8 K«Fe(( M) 6 pi-k liter 


Electrolyte 


Negative sol 


1 

2 

3 


0 0008 
0 0022 
0 0033 


0 0025 
0 0075 
0 0048 


values of n x q x and n 2 q 2 . When adsorption of the colloid particles takes 
place, n 3 ^ n\ + n 2 and the inversions will be further complicated. 

The variations in order of effectiveness of positive sols in decreasing the 
stability of negative sols observed in the first paper of this series should be 
scrutinized rigidly with a view of ascertaining whether they are the same 
as the variations in effectiveness of the stabilizing ions. The stabilizing 
ions of the positive sols, iron oxide, aluminum oxide, chromium oxide, 
arsenic trisulfide, may be considered to be H+ in each case, together with 
Fe 4 f4 , Al f+ +, and Cr 4 * 44 " for the respective hydrous oxides, and Th 4 * 4 " 44 ' 
for arsenic trisulfide. The orders of the above positive sols with negative 
stannic oxide, manganese dioxide, arsenic trisulfide, and iron oxide have 
been found (13) to be: 


Negative sol 

SnO* 

MnOi 

AsjSj 

FejOj 


Order of positive sols 

AljOj > AsiSj ^ Cr-iOa ^ FeAL 
Cr^Oa ^ AljOj > As a Ss > Fc^Oj 
AsjSs ^ CrjOj > AlaOi > Fe 3 0 3 
AsjSs ^ Cr>Oz > ALOa > Fc»Oi 
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whereas the order of the stabilizing ions with the negative sols has been 
found to be: 


Negative sol Order of stabilising ions 


SnO, Al, Th > Cr > Fe 

MnOi Th > Cr, Fe > Al 

As 2 S 3 Th > Cr > Fe > Al 

Fe,0 3 Th > Cr > Al > Fe 


From a comparison of these lyotropic effects it will be seen that then* is no 
direct parallel between the relative effectiveness of the various positive sols 
and that of their stabilizing ions with the negative sols. Thus, a simple 
preferential adsorption of the stabilizing ions does not appear to be the 
effective mechanism in the systems reported in this study. 

Boutaric and Perreau (‘21) in the system positive iron oxide-negative 
iron oxide have obtained results supporting a simple selective adsorption 
of the phosphate ion which was stabilizing the negative sol. They found 
that the amount of phosphate ion per milligram of iron oxide necessary to 
flocculate the positive sol was the same whether the ion was furnished by 
an electrolyte or by the negative sol, when the dilution of the system was 
taken into account. It was believed of interest to perform a similar 
experiment keeping the amount of ferric oxide the same in each mixture of 
positive and negative sol and using the ferrocyanidc ion (to which iron 
oxide is more sensitive than to the phosphate ion) as the stabilizing ion of 
the negative sol. When this was done it was found that the positive sol 
was isoelectric at a concentration of 0.0022 millimol per liter of potassium 
ferrocyanide. When the ion was furnished by the negative ferric oxide 
sol the same amount of ferric oxide was isoelectric at a concentration of 
0.0040 millimol per liter. A simple selective adsorption does not explain 
these results. 

The case when a stabilizing ion is in excess need not be considered here 1 
since the sols were relatively pure. However, the presence of free electro¬ 
lyte would obviously render a sol more effective as a precipitating agent 
and further complicate the mechanism ot adsorption. 


SUMMARY 

1. Data have been presented to show the influence of electrolytes upon 
the migration velocities of mixtures of positive and negative colloids. 

2. The mechanism of the mutual coagulation process has been deduced 
to be a lowering in stability of the system caused by mutual adsorption 
of the two colloids with a consequent unequal redistribution of the total 
charges around the aggregate. 

3. A mechanism solely dependent upon chemical reactions between the 
stabilizing ions or a simple preferential adsorption of one of these ions has 
been shown to be improbable in the general case. 
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The number of compounds of phosphorus hitherto examined refracto- 
metrically is small, the only investigator of an homologous series of such 
substances being Kowalewski (1). The present work has been undertaken 
with a view to extension of our knowledge in this field, particularly with 
respect to types of compounds and their number. 

The first to determine the atomic refractivity of phosphorus was Ilaagen 
(2), who from measurements on phosphorus trichloride with C light, de¬ 
duced the value 14.93, in terms of the Gladstone-Dale (3) formula. For 
the Fraunhofer lines A and H, Gladstone (4) gave the values 18.3 and 21.3, 
respectively, foiMhe atomic refractivity of fused phosphorus. Zecchini (5) 
calculated the atomic refractivity of phosphorus in terms both of the Glad¬ 
stone-Dale and of the Lorenz-Lorent z (6) formulas in eight of its liquid 
compounds. He found that the value of the Lorenz-Lorentz atomic re¬ 
fractivity of phosphorus for 1) light was 4.17 in triethyl phosphate and 
4.97 in phosphorus oxychloride, whilst for trivalent phosphorus the value 
varied from 9.47 for triethylphosphine to 9.72 for phosphorus tribromide, 
including the value 8.10 for ethoxydichlorophosphine. Zecchini’s results 
with solutions of phosphorus compounds are here left out of consideration, 
and so also his data for triethyl phosphite, on which doubt has been cast 
by Arbusow and Ivanow (7). Kowalewski, from his measurements on the 
alkoxydichlorophosphine series, obtained values varying from 7.60 to 8.22. 
The values derived from the measurements of Arbusow and Ivanow and 
of Arbusow and Arbusow (8) on the esters of the oxy-acids of phosphorus 
are given and discussed in the sequel. Johnson (9) has recently measured 
the refractive indices of three derivatives of methylphenylphosphinic acid 
for D light; in his paper, without acknowledgment, he uses results experi¬ 
mentally obtained and refractivities calculated by workers in this field, 
including those due to Kowalewski, Emmett and Jones (10), Grlittner and 
Wiernik (11), Griittner and Krause (12), and Jackson, Davies, and Jones 
(13). 

In the present work the refractive indices were measured with Pulfrich 
refractometers made by Wolz of Bonn and by Zeiss of Jena, with an Abb6 
refractometer by Hilger of London and a hollow-prism refractometer (14) 
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TABLE 1 

Molecular refractivities of compounds of phosphorus 
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by Bellingham and Stanley of London. The last named instrument was 
used for acid halides. These refractometers were frequently standardized 
by the use of water and of benzene. Where refractive indices were meas¬ 
ured at temperatures other than the standard temperature of the instru¬ 
ment, the necessary corrections were applied. To ensure constancy of 
temperature a stream of water, electrically warmed by means of a Bowden 
(15) pre-heater, was passed through the Pulfrich and Abb6 refractometers 
during the measurements. 

The compounds of phosphorus used in this investigation were prepared 
by methods (16) already described and were redistilled under low pressure 
immediately before the measurements of density and of refractive index 
were made. In every case the const ant-boiling, middle fraction was 
chosen. Temperatures were corrected for thermometric errors and densi¬ 
ties for air-buoyancy. In view of the ease of oxidation of many of these 
compounds, due precautions were observed to prevent protracted contact 
with air. 

In table 1 are given densities, d ; refractive indices, a, for the F, D, and C 
lines; molecular refractivities, [J? G ], calculated by means of the Gladstone- 
Dale expression, (a— \)M/d\ molecular refractivities, [/£J, calculated with 
the Lorenz-Lorentz formula, (a 2 — l)M/(n 2 + 2 )d; and references. The 
molecular weights V, have been calculated on the basis of the international 
atomic weights (17) for 1932. From this table are excluded all refractive 
indices for the O' hydrogen line, for the green lithium line, and for the red 
cadmium line, the refractive index of phosphine determined by Bleekrode 
(18), which has been criticized by Bruhl (19), tint of triethyl phosphite by 
Zecchini (5), whose preparation had suffered oxidation, and that of iso- 
amyloxydichlorophosphine measured by Kowalewski (1). 

Table 2 contains the values of the atomic refractivity of phosphorus and 
of the group refractivities of certain of its radicals in terms of both the 
Oladstone-Dale and the Lorenz-Lorentz expressions. 

The refractivities given in table 2 have been found by deducting Eisen- 
lohr’s (24) values of the refractivities of carbon, hydrogen, ether oxygen, 
chlorine, and bromine from the Lorenz-Iiorentz molecular refractivities 
given in table 1. That for ether oxygen has been used only when oxygen 
is present in the group =C —O—0=1^. The Gladstone-Dale values em¬ 
ployed are given in table 3. 

Analysis of tables 1 and 2 reveals the following facts. 

(a) In the case of the trialkylphosphines, deduction of Eisenlohr's 
refractivities of carbon and hydrogen for D light from the molecular re¬ 
fractivities leaves a constant remainder of mean value, 9.14; this would 
seem to indicate that Eisenlohr’s values for carbon and hydrogen hold in 
the case of these phosphines, and that in them the atomic refractivity of 
phosphorus for D light is 9.14. The corresponding Gladstone-Dale con¬ 
stant is 14.23. 
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Atomic and group refraciivities 
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(b) It will also be seen that the former value also holds good for liquid 
phosphorus itself. The discrepancy between the Gladst one-Dale values 
is to be attributed to the exceptionally high refractive index of fused phos¬ 
phorus. 

(c) The atomic rcfractivity of phosphorus in phosphorus trichloride is 
distinctly different from that in phosphorus tribromide or from that in 
trialkylphosphines. This shows that when the linkage of phosphorus to 
carbon is taken as standard, the linkages of phosphorus to halogens possess 
specific effects. Alternatively, it might be considered that when linked to 
phosphorus, chlorine and bromine do not possess the same atomic re- 
fractivities as when they are linked to carbon, and, consequently, that 
Eisenlohr’s values for the halogens are inapplicable here. 

(d) The attachment of an aryl group to a phosphorus atom is a cause 
of optical exaltation, an indication of the presence of loosely held electrons 


TABLE a 

(iladsloru-DaU atomic and bond nfrachviticH 


VTOM OH BOND ! 

__ _ | 

h 

RM'HAI l!\m 

I) 

r 

Carbon * , 

4 145 

4 111 

4 102 

Hydrogen 

1 895 

1 870 | 

1 857 

Ether oxygen 

2 856 

2 845 

2 839 

Chlorine 

10 43 

10 30 

10 24 

Bromine . ! 

16 24 

16 00 

15 89 

Ethylene bond 

3 126 

2 970 

2 889 


of low frequency of oscillation, and, consequently, of the appearance of 
absorption bands at abnormally long wave-lengths. The similar exaltn- 
tive effect of aromatic groups attached to nitrogen has been attributed to 
the establishment of a virtual conjugation involving the nitrogen atom 
and the endoeyclic double bonds (2cSj. 

(e) The interposition of an oxygen atom between an atom of carbon and 
one of phosphorus raises the molecular rcfractivity by an amount different 
from that due to ether oxygen. In fact, the atomic refractivity of oxygen 
in the EEC —O P^- group may be evaluated in the following ways: 

(1) Subtraction of the molecular refractivity of 

O <- P(C 2 H 6 ) (OC 2 H*) 2 (No. 68, table lj 

from that of 


O P(OC 2 H 6 ), (No. 74) 


which gives 1.10 for l) light. 



592 


W. J. JONES, W. C. DAVIES AND W. J. C. DYKE 


(2) Subtraction of the molecular refractivity of 

(C 2 H t O) 2 P—O—P(C 2 H t ) (OC 2 H s ) (No. 72) 

I I 

o o 

from that of 

(C 2 H 6 0) 2 P—O—P(OC 2 H s ) 2 (No. 70) 

i i 

O 0 


which gives 1.07. 

(3) Subtraction of the atomic refractivity of phosphorus, 9.14, from 
the mean value of the group refractivity for P0 3 in the trialkyl 
phosphites (Nos. 63, 64, 65, 66, 67, table 2), 12.02, and divi¬ 
sion of the remainder by 3, gives 0.96 for sodium light. The 
mean value of the atomic refractivity of oxygen in the 
=C—0—P=group is given in table 4, viz., 0.98 for D light 
on the Lorenz-Lorentz notation, and 1.38 for that of Glad- 
stone-Dale. 

(f) The value of the atomic refractivity of oxygen linked by a semipolar 
bond to phosphorus, =P—»0, may be obtained by the following considera¬ 
tions: 

(1) Subtraction of the molecular refractivity of phosphorus tri¬ 

chloride (No. 7, table 1) from that of phosphoryl chloride 
(No. 10) gives —1.13 for D light. 

(2) Subtraction of the mean group refractivity for P0 3 in trialkyl 

phosphites (Nos. 63, 64, 65, 66, 67, table 2) from that fpr P0 4 
in trialkyl phosphates (Nos. 73, 74, 75, 76, 77, 78, 79, 80, 81, 
82) gives —1.15. 

(3) Subtraction of the molecular refractivity of 

(C^HiOJjP—O—P(OC a H*)j (No. 69, table 1) 

i 

O 


from that of 


(C 2 H 6 0) 2 P—O—P(OC 2 H 6 ) 2 (No. 70) 

i 1 

O 0 

gives —0.38, not in good agreement with the values obtained 
above. 

The mean of (1) and (2) gives —1.15 as the atomic refractivity of oxygen 
in the =P—>0 group for D light. The corresponding Gladstone-Dale 
refractivity is —2.13. 
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(g) The value of the atomic refractivity of the covalent oxygen in the 
group =P—O—P= may be obtained in the following manner: 

| i 

O 0 

(1) Subtraction of the increments due to carbon, hydrogen, phos¬ 

phorus [ (a) ] and the oxygen [ (e) and (f) ] from the molecular 
refractivity of 

(C 2 HsO) 2 P— O—PtOCjih), (No 70, table 1) 

i i 

O <) 

which gives the valui 1.04 for sodium light. 

(2) Similar consideration of the compound 

(CjIUOhP— O—P(CsII»)(OGsHi) (No 72) 

I 1 

O () 

gives 0.95. 

(h) The optical effect of sulfur joined by a coordinate link to phosphorus 
may be calculated as follows: 

(1) Deduction of the molecular refractivity of 

(CJhOhP—O —P(OCaHi)a (No. 09, table 1) 

i 

o 

from that of 

(C»H*0)iP—O-—P(OC jH.)j (No. 71) 

i 1 

O 8 

leaves the value 6.69 for I) light. 

(2) The value obtained by subtracting the mean value of the group 

refractivity for POs from that for POjS (No. 83, table 2) is 
6.03. 

(3) Subtraction of Eisenlohr’s values for carbon and hydrogen, that 

for phosphorus given in (a), and that for oxygen in (e), in (f) 
and in (g), from the molecular refractivity of 

(CjIbO)iP— < ) —P(OCjH t )i (No. 71) 

i i 

O 8 

leaves the value 5.96. 

The mean value of the Lorenz-Lorentz atomic refractivity of sulfur in 
the[=P—>S group for D light is 6.23; the Gladstone-Dale, 11.43. 
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(j) Deduction of Eisenlohr’s values for carbon and hydrogen, the present 
values for phosphorus given in (a), and for oxygen given in (e) and (f), 
from the molecular refractivity of 

(CH,S)(CH 3 0)*P->0 (No. 84, table 1) 

gives 7.49 as the value of the atomic refractivity of covalent sulfur in 
the group =G—S—P=; that for the Gladstone-Dale formulation is 14.22, 
for sodium light. 


TABLE 4 

Mean values of atomic refractivities in phosphorus compounds on the assumption that the 
atomic refractivity of phosphorus is constant 



GLADBTONE-DALE 

LORENZ-LORENTZ 


F 

D 

C 

F 

D 

c 

p 

14 65 

14 23 

13 75 

9 33 

9 14 

9 00 

0 in EEC—0—P~= 

1 24 

1 38 

1 37 

0 96 

0 98 

0 97 

0 in EEP—>0 

—2 26 

-2 13 

-1 92 

-1 25 

-1 15 

-1 05 

0 in =P—0—P= 

— 

3 31 

— 

— 

1 00 

— 

1 i 

0 () 

S in =P—S 


11 43 

11 81 


6 23 

6 01 

S in efC—S—P^ 

— 

14 22 

14 32 

— 

7 49 

7 46 

Cl 

— 

10 21 

10 13 

— 

5 71 

5 69 


TABLE 5 

Mean values of the atomic refractivity of phosphorus in various classes of compounds 



GLAD8TONE-DALfc 

I OREN7-LORENTZ 


F 

D 

C 

F 

D 

• C 

Trialkylphosphines 

14 65 

14 23 

13 75 

9 33 

9 14 

9 00 

Phenyldialkylphosphines 

18 42 

17 32 

16 75 

10 23 

9 81 

9 66 

p-Toiyldialkylphosphines 

19 21 

17 93 

17 45 

10 65 

10 20 

10 03 

p-Ethylphenyldialkylphosphines 

19 90 

18 56 

18 06 

10 89 

10 40 

10 23 

p-Xylyldialkylphosphincs 

19 28 

18 01 

17 53 

10 39 

9 93 

9 77 

p-Methoxyphenyldialkylphosphines 

20 11 

18 64 

18 08 

10 93 

10 39 

10 19 

p-Phenoxyphenyldiaikylphosphines 

22 45 

20 51 

19 75 

10 47 

9 83 

9 58 

Trialkyl orthophosphites 

9 91 

9 72 

9 35 

7 25 

7 09 

7 00 

Trialkyl orthophosphates 

4 96 

4 85 

4 72 

4 36 

4.39 

4 32 


(k) Adding to the molecular refractivity of phosphorus trichloride (No. 
7, table 1) the Eisenlohr values for alkyl groups and that for oxygen in the 
group =C—0—P=, and subtracting from the sum the molecular re¬ 
fractivity of the corresponding alkoxydichlorophosphine (Nos. 55, 56, 57, 
58, table 1), we obtain values for the atomic refractivity of chlorine at¬ 
tached to phosphorus; excluding the result for the methyl member (No. 
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54 ), the mean value is 5.71 for D light. For chlorine attached to carbon 
Eisenlohr gives 5.967. The mean Gladstone-Dale values are given in 
table 4. 

Mean values are given in table 4, in the derivation of which the atomic 
refractivities of carbon and hydrogen given by Eisenlohr and those in 
table 3 have been employed, and, where necessary, suitable weighting has 
beer applied for the sake of probable greater accuracy. 

Up to this stage it has been assumed in this discussion that phosphorus 
possesses, independently of its state of combination, a constant atomic 
refractivity. The alternative view, however, must also be borne in mind, 
viz., that the atomic refractivity may have various values, dependent on 
the manner of the attachment of phosphorus to the other elements and on 
their character. For instance, assuming Eisenlohr's values for carbon, 
hydrogen, and ether oxygen, and that oxygen in phosphites and phosphates 
possesses the ether oxygen value, we can draw up a table (table 5) giving 
the various atomic refractivities of phosphorus. 

The consideration of molecular refractivity as an additive property of 
bonds and of octets, rather than of atoms, has been brought forward by 
von Steiger, Fajans and Knorr, and Smyth (26). From this standpoint 
the value here obtained for the Lorenz-Lorentz atomic refractivity of phos¬ 
phorus in tertiary phosphines, p, enables us to calculate the refractivity, 
Itfo], of the octet 


C: P: C 
C 


Thus for D light, 

[Ro\d - ic + p - 10.954 

wherein c denotes the atomic refractivity of carbon, given by Eisenlohr. 

From what has l>een here stated it will lx* gathered that the refractive 
constants given in tables 4 and 5 and in the preceding paragraph must be 
looked upon not so much as possessing intrinsic theoretical significance, 
but as being of the nature of empirical constants whereby th° molecular 
refractivity, and, therefore, also the refractive index, of a phosphorus com¬ 
pound may be determined when once its constitutional formula has been 
established. The converse use of these refractive constants to detect, for 
example, the presence of semipolar or of covalent bonds from refracto- 
metric measurements is obvious. 

In conclusion it must be stated that, even in its modern form, the theory 
of the Mosotti-riausius (27) equation, from which that of Lorenz-Lorentz 
and its limiting case, that of Gladstone-Dale, are theoretically derived, 
makes certain postulates regarding the mobility of the positive and negative 



596 


W. J. JONES, W. C. DAVIES AND W. J. C. DYKE 


charges in the molecule, and regarding the value of the constant of the 
inner field in the case of liquids (29), which are not strictly fulfilled. More¬ 
over, the Maxwellian relation between dielectric constant and refractive 
index, assumed in the derivation of the Lorenz-Lorentz equation, holds 
only for electromagnetic oscillations of low frequency, that is, in regions 
far removed from absorption bands. 
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In the early st iges of the development of the flotation process for con¬ 
centrating ores, the belief arose that at last a process of ore concentration 
was available for the successful treatment of the finest particles (1), 
which in water suspension are collectivel} r known as “slime.” It was 
thought that all mineral particles that are too fine to be recovered by 
gravity concentiation and yet comprise a wide range of sizes float equally 
well. And, indeed, it is true that flotation is applicable to a wider size 
range than any of the three principal methods of gravity concentration — 
jigging, tabling, and vanning. Nevertheless the introduction of ball-mill 
grinding made it*increasingly obvious that particles of all sizes do not 
float equally well or npidly. The presence of an upper size limit beyond 
which flotation is impossible was recognized even before the advent of 
selective flotation (as contrasted with collective flotation). The existence 
of a lower size limit beyond which flotation is difficult was suspected, but 
the limitations of laboratory sizing technique made it difficult to more 
than surmise that particles of colloidal size are refractory to modern 
selective flotation operation (2). 

Definite reduction in floatability with reduction in particle size beyond a 
critical size of maximum floatability was recently demonstrated (3). The 
size limits within which recovery by flotation is good were found to be 
more or less peculiar to each mineral. In general, however, the optimum 
size of mineral particles for concentration by flotation is between 50 and 
10 microns, and the recovery is markedly lower for particlch finer than 5 
microns. 

This dependence of flotation upon the size of particles was found to hold 
true in practical mill operations as well as in the flotation of synthetic 
mineral mixtures. About 10 per cent by weight of the ore treated in a 
modern mill is ground too fine to be recovered efficiently by flotation. 
The economic loss thus involved is appreciable. 

It is therefore of considerable economic importance as well as of scien¬ 
tific interest to look into the possible causes for this behavior of fine par¬ 
ticles and to devise, if possible, a more effective means of recovering them 
by flotation. 
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This paper deals with the study of the flotation behavior of exceedingly 
fine particles—those which in modern practice can be recovered only with 
difficulty. 

The size range of these particles embraces the entire scale from 5 microns 
to the truly colloidal particles which have as their limiting size the unit 
crystal of the mineral (4). 

In the size range considered the particles of near-colloidal size (5 to 0.5 
microns) obey in kind, if not in degree, the same general laws of flocculation 
and dispersion (5) as the truly colloidal particles. Thus it is proper to 
examine and interpret the behavior of these fine particles in the light of 
colloid chemistry. 

CAUSES FOU NON-FLOTATION OF COLLOIDAL PARTICLES 

In the study of the effect of particle size on flotation a number of hypoth¬ 
eses were considered (3) to account for the non-flotation of particles of 
colloidal size. Of these hypotheses the most likely is that very fine 
particles do not float because it is difficult for them to come in contact 
with gas bubbles. 

In recent years the emphasis laid upon the physicochemical properties 
of the mineral surfaces as determinants of flotation behavior have sub¬ 
ordinated the equally important mechanical problem of bringing gas and 
solid together. The importance of gas-solid attachment is self-evident 
from a careful definition of flotation. 1 

Attachment of mineral particles to bubbles usually results from contact 
becoming established by direct encounter of particles with bubbles. It 
can be shown (6) that the probability of encounter between a mineral 
particle and a bubble varies directly as the size of the particle, provided 
the particle is small compared to the bubble. In other words, the finer 
the particle the poorer its chance of being recovered. Also, it appears 
likely that mineral recovery can be enhanced by flocculating the mineral. 2 

A further consideration, more directly deriving from customary colloid 
phenomena, also points to the desirability of flocculating the mineral 
which is to be floated. It is known that fine mineral particles suspended 
in an electrolyte are electrically charged (7); it is logically certain, further¬ 
more, that the charge on particles of the same kind is of the same sign. 

1 Flotation is a process of separation of mixed dissimilar solid particles, applied 
to the concentration of finely ground ores in aqueous pulp. The separation is caused 
by the selective adhesion of some species of solids to gas bubbles and the simul¬ 
taneous adhesion of other species of solids to the aqueous solution; segregation of 
the resulting froth from the remaining pulp yields the desired separation. 

8 In this article the term “floccule” is used to describe an aggregation of solid 
particles suspended in a liquid ih the absence of gas bubbles. In flotation literature 
the term “flocculation” has been used by some to refer to the formation of highly 
mineralized gas-solid aggregates. This confusing terminology is regrettable. 
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Accordingly, if it is proposed to cause electrically charged (dispersed) 
particles to adhere to a somewhat mineralized gas bubble, it should be 
expected that the mineral particles already attached to the bubble will 
pievent the adherence of more particles (8) and, hence, will prevent the 
formation of highly mineralized bubbles. Since flocculation in conducting 
media usually involves neutralization or great reduction of the charges 
responsible for dispersion, flocculation of the mineral may help flotation 
by eliminating or decreasing the electric charge at the surface of the par¬ 
ticles. 

From these considerations of the mechanics of gas-solid attachment, it 
seems likely that if fine particles can be made to lose their identity as such 
by coalescing into floccules, they may be expected to behave as coarse, 
uncharged particles, that is, to be more readily recovered by flotation. 

MINERAL FLOCCULATION 

The obvious means of flocculating a dispersed solid suspended in an 
electrolyte is to add to the electrolyte suitable soluble salts capable of dis¬ 
charging the dispersed phase. 

Another means of flocculating the mineral is to form an insoluble 
heteropolar coating on the surface of the mineral, oriented in such a way 
as to make the transition from one phase to another abrupt (9). This is 
suggested by the following considerations. Dispersion can result either 
if the two phases are of like polarity or if there is established between 
them an intermediate zone or atmosphere of molecules or ions which is 
of a polarity intermediate between that of the two phases, so that a gradual 
transition is set up. Conversely, if the phases are very dissimilar, or if a 
film can be caused to develop on the solid, of a vastly different polarity 
than the liquid, the transition between the film-coated solid and the liquid 
will be abrupt and flocculation will tend to occur. Some of the experi¬ 
mental vindication for this argument is as follows: 

H. K. Kainprath (10) studied the behavior of polar and non-polar min¬ 
erals in polar and non-polar liquids. He found, for example, that silicate 
minerals, which are polar, flocculate in a non-polar liquid, but that in a 
heteropolar, nonconducting liquid they remain dispersed. One of the 
heteropolar liquids used was butyl alcohol, in which dispersion can hardly 
be attributed to electric charges. It would appear as though butyl alcohol 
molecules adhere to the solid in definite orientation so as to cause the 
surface of the coated silicate particles to have the same polarity as the 
liquid. That dispersion can be obtained under certain conditions without 
the presence of substantial electric charges was recently confirmed by Basil 
C. Soyenkoff (11), who concluded that “ .. . the majority of colloid dis¬ 
persions in hydrocarbons either are uncharged or carry only a small frac¬ 
tion (less than 10~ 4 ) of the charge possessed by the particles in water.” 



600 


A. M. GAUDIN AND PLATO MALOZEMOFF 


Kamprath also found that graphite, which is non-polar, flocculates in polar 
liquids, but remains dispersed in non-polar liquids. The same behavior 
was noticed in the case of galena, provided it is kept from oxidizing. 
Thus, when galena is ground in water in a nitrogen atmosphere, it floccu¬ 
lates invariably, which may be considered to derive from its low polarity 
as compared with water. 

EFFECT OF FLOCCULATION BY USE OF ELECTROLYTES ON FLOTATION 

OF GALENA 

In order to ascertain the effect of flocculation by electrolytes on flotation 
it was thought wise to study extensively a simple system whose normal 
behavior is otherwise well known. Accordingly, mixtures of pure galena 
with granite (Butte quartz monzonite) were ground wet, long enough 
(twenty-four hours) to reduce all particles to 5 microns and finer. Various 
electrolytes were added to the pulp, after grinding, in the hope of improving 
flotation under standard conditions (12) (2.0 lb. of potassium amyl xan- 
thate and 0.16 lb. of terpineol per ton). None of the substances investi¬ 
gated (lime, sodium hydroxide, aluminum sulfate, sodium carbonate) 
improved the recovery, although flocculation was obtained in many 
instances. 

To study the problem further, galena and granite were ground sepa¬ 
rately for the time required to insure sufficient reduction in size, flocculat¬ 
ing agents were added, the pulps were mixed, and flotation operations 
were conducted. Potassium n-amyl xanthate (2 to 4 lb. per ton) was 
used as collector, and terpineol (0.04 to 0.16 lb. per ton) as frother. The 
experiments showed that suitable flocculation of the mineral actually 
permits flotation of extremely fine mineral particles. Thus, if fine galena 
be first completely flocculated and then mixed with gangue minerals, an 
effective separation by flotation may be obtained. On the contrary, if the 
mineral be first completely dispersed and then mixed with gangue, recovery 
of the mineral is decidedly poor. 

These experiments, however, do not simulate practice, as the sulfide 
and gangue minerals were ground separately, and flocculated (or dis¬ 
persed) separately, so that the minerals exercised minimum influence on 
each other’s behavior and that the system perhaps had not time to come 
to equilibrium. However, the experiments yield the valuable information 
that fine mineral particles are capable of ready attachment to bubbles if 
flocculated. 

To apply this important experimental result to practice, care would 
have to be exercised to flocculate selectively the mineral to be floated, or 
else compound floccules of mineral and gangue would result. Such com¬ 
pound floccules would of course be a hindrance rather than a help to the 
separation of the minerals from each other. Thus, of the four possible 
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states of aggregation of the minerals, that of flocculation of the mineral, 
together with dispersion of the gangue, is the most desirable. The other 
three, of course, are dispersion of mineral with dispersion of gangue, disper¬ 
sion of mineral with flocculation of gangue, and flocculation of mineral 
with flocculation of gangue. 

However, if the mineral and the gangue are ground together it is difficult 
to obtain simultaneously satisfactory flocculation of the sulfide and dis¬ 
persion of the gangue. Dissimilar mineral particles tend to precipitate 
on the surface of one another (13), possibly because of the occurrence of 
unlike charges at their surfaces. Thus, some fine galena adheres to the 
surface of relathely coarse quartz, and, conversely, quartz adheres to 
galena. This phenomenon appears to take place in the grinding mill as 
soon as particles are formed fine enough to be affected by the charges that 

TABLE 1 

Comparison between ami/l xonthale and amid dixanthogen as <ollet tors for 

colloidal galena 

XtNIHAlt t>IKANl HOdhN 

24 30 

Flotation Pebble 

machine mill 

4 0 3 0 

I 00 i 5 

i 43 1 J 39 3 

j 4 4 1 0 30 

1 80 5 I 98 7 

I 4 0 15 5 

j 69 4 

1 1 10 


Time of grind (hours) 

Place of addition of Reagent 

Quantity of reagent (pounds per ton) 

Time required for rougher flotation (minutes) 
Rougher concentrate (lead, ]>cr cent) 

Tailing (lead, per cent) 

Lead recovery (per cent) 

Rougher selectivity index* Lead Granite 
Cleaner concentrate (lead, per cent) 

Cleaner tailing (lead, per cent) 


* For method of calculation see A M. Gaudin: Flotation, p 520 (see reference 5). 

obtain at their surface. Hence, in order to prevent this action, it appears 
necessary to have present at the time when the fine particles are produced 
the agency that will cause the desired selective flocculation; that is, the 
selectively flocculating agent should be present in the grinding mill during 
the grinding. 

The search for a means to cause simultaneously the selective flocculation 
of the sulfide mineral and the dispersion of the gangue by the use of elec¬ 
trolytes was abandoned after much experimentation because the action of 
electrolytes did not appear to be selective enough. 

FLOCCULATION AND FLOTATION OF COLLOIDAL SULFIDE MINERALS, 
USING CERTAIN SULFUR-BEARING HETEROPOLAR COMPOUNDS 

Remarkably successful flotation of colloidal sulfide minerals may be 
obtained by the use of certain heteropolar organic compounds. These 
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compounds have a structure such as to make possible the formation of 
oriented coatings of molecular dimensions on the sulfide minerals, and 
thereby produce selective flocculation of the sulfide minerals. This is 
true provided the flocculating-floating compounds are added to the mineral 
mixture before grinding. 

In this connection it should be stated that in the experiments discussed 
in the preceding section a sulfur-bearing heteropolar compound was used 
in each test as a flotation collector. The reagent used was potassium n- 
amyl xanthate, a reagent known to be exceptionally effective in the 
flotation of coarse sulfide minerals. Nevertheless, under normal condi¬ 
tions this compound is not capable of floating slimed galena. On the con¬ 
trary, n-amyl dixanthogen, a non-ionized oxidation product of n-amyl 
xanthate, under certain conditions is capable of recovering colloidal 
galena. This discovery led to a broadening of the investigation to include 
non-ionized as well as ionized organic compounds containing single- or 
double-bonded sulfur atoms and an amyl, a<, phenyl, or a cresyl hydro¬ 
carbon group. 

Some of the reagents investigated and their formulas are as follows: 

O 

Potassium n-amyl thiocarbonate .. 


Potassium n-amyl dithiocarbonate (xanthate) 


Potassium isoamyl trithiooarbonate . 


n-Amyl formate disulfide 


n-Amyl thioformate disulfide (dixanthogen) 


Isoamyl dithioformate disulfide 
Isoamyl disulfide 
Isoamyl sulfide 
Isoamyl mercaptan 
p-Thioc resol 


Phenyl thiourethane 


KSCOCfiHn 

S 

II 

KSCOC 6 H u 

s 


KSCSC 6 Hu 

o o 

II II 

CjH j lOCSSCOCsH 1 1 

s s 

II II 

C&H i iOCSSCOCJI 11 

s s 

II II 

C*H 1 1 SCSSCSCaH 11 

CftHnSSCsHn 

CaHnSCsHu 

CfiHnSH 

HSC 8 H 4 CH 8 

SH 

II I 

C 2 H 6 OCNC*H* 
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s 

II 

Thiocarbanilide. C.H.NCNC.H, 

I I 

H H 

Tri-o-eresyl thiophosphate (CiI^CHjOJjPS 

Of the above, the first six belong to a group of which xanthate and 
dixanthogen are representative. The compounds in this group other than 
the xanthate and dixanthogen were especially prepared in order to clarify 
the mechanism of attachment of the compound to the mineral. For this 
reason the double-bonded, or thione, sulfur atoms in xanthates and dixan¬ 
thogen, which are commonly regarded by flotation engineers as being at 
least partly responsible for the attachment of minerals to bubbles, were 
replaced by oxygen atoms to form formate disulfide and potassium thio- 
carbonate; also, the oxygen atoms were entirely eliminated by replacing 
them with sulfur atoms in the case of dilhioformatc disulfide and potassium 
trithiocarbonate. 

With the exception of the potassium ^alts, the compounds enumerated 
are but sparingly soluble in water, but since the organic solvents necessary 
to dissolve the agents may interfere in an undetermined manner with 
flotation, the undiluted agents were added directly to the grinding mill 
so as to be in intimate contact with the mineral throughout the grinding 
operation. 

Flotation was conducted in a 500-g. Fahrenwald flotation machine. 
The products were analyzed for the valuable metal content. A flotation 
operation was arbitrarily termed successful when the tailing assayed less 
than 0.5 per cent (in valuable metal), and if the recovery exceeded 96 per 
cent. (Ordinarily, flotation under standard conditions, with the reagents 
added after grinding, yields a tailing having a metal content exceeding 3 
per cent). It was found unnecessary to use any frother in most of the 
flotation operations. 

The mineral mixtures were ground in porcelain jars (“assay” pebble 
mills) long enough to be reduced to the near-colloidal size. Investigation 
was confined to five of the commonest mineral sulfides (galena, chalcocite, 
chalcopyrite, pyrite, and sphalerite) and to the gangue minerals occurring 
in quartz monzonite (quartz, andesine, magnetite, biotite, hornblende). 
The grinding was conducted in contact with air in the case of every re¬ 
agent and of every mineral mixture. Identical tests, except for grinding 
in contact with nitrogen, were also conducted. The tests in which the 
minerals were ground in nitrogen were undertaken to supply some 
information concerning the very peculiar behavior of some mineral- 
reagent combinations. It is well known that sulfide minerals are readily 
oxidized. It has been currently assumed (14) that surface oxidation of 
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sulfide minerals is prerequisite for modern flotation. Obviously, even in 
the case of particles ground in the presence of a restricted amount of oxygen 
—as in the tests under consideration—much oxidation may take place 
during a period of grinding of many hours. Also, change in the reagent 
may take place when the reagent is added so as to be in contact with a 
mineral and air for many hours during grinding. Clearly, when the 
mineral is ground in the presence of nitrogen, such reactions are largely 
inhibited and the reagent then acts on relatively unchanged sulfide surfaces. 

Table 2 summarizes the floatability of the different minerals with some 
of the more effective agents. 

Flotation of colloidal sphalerite can be accomplished by none of the 
reagents listed, unless, of course, the mineral is first activated. 3 

Of the compounds which are similar in structure to amyl xanthate and 
dixanthogen (thioformate disulfide), namely, the thiocarbonate, trithio- 
carbonate, formate disulfide, and dithioformate disulfide, none showed 

TABLE 2 


Flotation of alimed sulfide minerals ground in contact with air when using some hetero- 
polar sulfur-hearing compounds 



OAT ENA 

( HALCO- 

CHALCO- 

PYRITE 



CITF 

PYRITE 


Potassium amyl xanthate 

Fair 

Good 

Good 

Good 

Amyl dixanthogen 

Good ! 

Good 

Good 

Good 

Isoamyl disulfide. 

None 

Good 

Fair 

None 

Isoamyl sulfide 

None 

None 

Good 

None 

Isoamyl mercaptan 

None 

Good 

Good 

— 

Thiocresol 

None 

Good 


—- 

Phenyl thiourethane 

Good 

None 

- 

— 


any great promise to collect colloidal galena. The formate disulfide 
showed some tendency to collect galena, but it was too weak to be con¬ 
sidered satisfactory. The action of these substances on other minerals 
was not investigated. 

Isoamyl disulfide was effective for chalcocite only. 

Isoamyl sulfide promoted the flotation of chalcocite and pyrite only 
when these minerals were ground in nitrogen. Its effect was nil when the 
minerals were ground in air. It was effective for flotation of chalcopyrite 
irrespective of the atmosphere in which the mineral was ground. 

Isoamyl mercaptan was effective only for chalcocite and chalcopyrite. 
Its action on the flotation of galena and sphalerite was nil. Its action on 
pyrite was not investigated., 

3 By activation Is meant the formation on the surface of the mineral of a layer 
which will react uith the collector to which the unactivated mineral surface fails to 
respond. 
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Thiocresol exhibited good collecting properties in the case of chalcocite, 
but none at all in the case of galena and sphalerite. Its action on other 
minerals was not studied. 

The experimental results related above give little grounds from which 
sweeping generalizations can be drawn for predicting the action of the 
same compound on different minerals, or for designating a definite com¬ 
pound as one likely to be effective in promoting selective slime flocculation 
and the collection of floccules in flotation. In the present state of our 
knowledge, all that can be said is that the action of a given compound 
seems, to a large extent, to be specific to each mineral. It is hoped, 
however, that significant broad conclusions will be possible following the 
experimentation now in course. 

DRY VERSUS WET FROTHS 

During the investigation with the organic compounds as selective floccu- 
lators a curious phenomenon was observed: in the case of some of the 
reagents a peculiar “dry” froth was obtained in the flotation operation. 
This unusual type of froth occurred if an amount of agent greater than a 
certain critical amount was used; when the amount of the agent used was 
less than this critical amount, the froth had the normal or “wet” appear¬ 
ance. The “dry” froth contains very little interbubble water and is in 
the form of a thick, dry mass which is made up of extremely fine bubbles, 
difficultly distinguishable by eye. Whenever a dry froth was obtained, 
most of the mineral floated in the dry mass in one minute, whereas flota¬ 
tion of colloidal material with the usual wet froth requires twenty minutes 
or longer. What mineral did not float in the dry froth came up in the 
form of a dull dry film, which formed persistently at the surface of the pulp 
for some time and which had to be raked off painstakingly. This re¬ 
mainder could not be induced to float in the form of a froth even with the 
addition of large amounts of frother. By the use of reagents giving the 
usual type of froth, a good recovery of colloidal mineral in the cleaning 
operation is always difficult, but whenever a dry froth is obtained the 
cleaner tailing is but slightly higher in metal content than the rougher 
tailing. Moreover, owing to the dry character of the dry froth, the con¬ 
centrate obtained is very clean, devoid of the usual adulterating inter¬ 
bubble gangue suspension. Most of the froth remained indefinitely in 
the dry condition, resembling stiff whipped cream in plasticity. The 
small part that did disintegrate settled to the bottom of the water layer 
in very large floccules. Instead of cleaning the rougher concentrate by 
flotation, therefore, simply draining or filtering off the water (containing 
dispersed gangue suspension) could be used as a substitute. 

Wet froths obtained by the use of heteropolar reagents were examined 
to determine whether the mineral floats in the form of floccules or whether 
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it floats as dispersed mineral particles attached to gas bubbles. Samples of 
froth were dried, then pieces were broken off and the thickness of the bubble 
wall was measured. This thickness was found to vary between 4 and 7 mi¬ 
crons. The dried bubble was then broken up, and the individual particles 
in it were likewise measured after dispersion in pure terpineol. Most of the 
particles were smaller than half a micron. From a microscope examina¬ 
tion of slides of the pulp, the diameter of the average floccular unit of the 
mineral was determined to be in the neighborhood of 4 to 7 microns. 
Hence, it appears that the bubbles in the froth are made up of the same 
floccules that occur in the pulp. Similar determinations could not be ob¬ 
tained with dry froths because of the minuteness of the bubbles. From 
the partial disintegration of dry froths to form very coarse floccules, and 
from their dull luster it appears likely that they consist of floccules 
even larger than those occurring in wet froths. 

It was observed that coarse floccules float before finer flccules, a se¬ 
quence analogous to that observed for the flotation of dispersed particles (3). 

SUMMARY 

1. Hypotheses were considered to account for the non-flotation of 
colloidal particles. It is believed that non-flotation of colloidal sulfide 
mineral particles is due to their being unable to come in contact with gas 
bubbles because of fine size and state of dispersion. 

2. Selective flocculation of colloidal mineral makes its flotation more 
complete and easier. 

3. Owing to the possibility of mutual flocculation of fine gangue and 
sulfide minerals in a flotation pulp, it appears necessary, in order to effect 
selective flocculation, to act on the mineral particles at the time they are 
produced in the grinding operation. 

4. Flotation of colloidal sulfide mineral particles may be successfully 
accomplished by using as reagents certain heteropolar sulfur-bearing 
organic substances. These agents effect selective flocculation of the sulfide 
mineral particles. 
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In the course of another investigation requiring a careful thermocouple 
calibration at low temperatures, accurate freezing point determinations 
were made on a number of samples of organic compounds supplied “for 
thermometer calibration” by the Bureau International des Etalons 
Physico-Chimiques, University of Brussels, in order to add to the certainty 
of our temperature scale and also to prove that our method of determining 
freezing points by means of heating curves is satisfactory and has ad¬ 
vantages over the usual methods. The freezing point values attributed to 
these samples were based upon measurements made by Professor Timmer¬ 
mans against the helium thermometer of the Laboratoire Cryog^nique de 
TUniversitd de Leiden in 1922 (1) and repeated in 1928 (2), when slightly 
different values were assigned to chlorobenzene, carbon disulfide, and 
methylcyclohexane. 

Our freezing point measurements were made by means of a method 
particularly adapted to the accurate determination of this physical con¬ 
stant at low temperatures. We believe, therefore, that the results may 
help to establish definitely the true freezing points of these samples. The 
“accepted values” of Timmermans are identical with ours within the 
claimed limits of accuracy except in two cases, and in both oi these cases we 
have been able to show that his values published in 1922 are more nearly 

1 Contribution No. 258 from the Research Laboratory of Physical Chemistry, 
Massachusetts Institute of Technology, Cambridge, Massachusetts. A part of the 
experimental work for this paper was completed at Trinity College, Hartford, 
Connecticut, thanks to the Cyrus M. Warren Fund of the American Academy of 
Arts and Sciences and to Curtis H. Veeder of Hartford, for grants to defray the 
expenses, and also to the Yale University Physics Department for supplying the 
necessary liquid air at cost. 

2 National Research Fellow, 1926-28, at the Massachusetts Institute of Tech¬ 
nology; Guggenheim Fellow, 1930-31, at the Universities of Munich, Frankfurt a. 
Main, and Brussels. 
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correct than those he assigned to them on the basis of his 1928 deter¬ 
minations. 8 


METHOD 

The observations here reported were made by means of a cooling-curve 
and heating-curve apparatus which is being described in detail elsewhere 
(3). This apparatus involves a cryostat whose temperature can be very 
carefully regulated and in which a 0.5 —1.0 g. sample is suspended in an 
hermetically sealed “freezing point tube.” The latter is made of extremely 
thin-walled 6-mm. glass tubing (about 0.08-mm. wall thickness) in order 
that its heat capacity may be negligibly small with respect to that of the 
sample, and is so constructed that the temperature of the sample may be 
followed by means of a single-junction thermocouple, one element of which 
fits snugly into a thin-walled capillary tube extending down through the 
center of the tube to within 5 mm. of the bottom. The cold junction is kept 
at 0°C. The readings are made to the nearest microvolt by means of a 
Leeds and Northrup Type K potentiometer. 

The freezing point is determined by running heating curves and cooling 
curves on the sample, always controlling the temperature of the surround¬ 
ings to rise or fall, as the case may be, at a definite recorded rate. The 
reproducibility of the curves so obtained, their interpretation, and the 
advantages of heating curves over cooling curves for the determination of 
freezing point and also as a criterion of purity have already been pointed 
out (3). 

Since the thermocouple calibration was only to the nearest microvolt 
(db0.02°C., at 0°C., to =t0.05°C. at liquid air temperature), and since our 
freezing point values are also read only to the nearest microvolt, our freez¬ 
ing points cannot be said to have an accuracy greater than d=0.04°C. at 
0°C., to ±0.10°C. at - 183°C. 

THERMOCOUPLE CALIBRATION 

Five different thermocouples, made of No. 30 constantan and No. 36 
copper wire, were used. Two of these were calibrated simultaneously at 

8 In order to clear up a misunderstanding in regard to the samples prepared by 
R. S. Taylor, and studied b> Keyes, Townshend, and Young (J. Math. Phys. Mass. 
Inst. Tech. 1, 302 (1922)), which have been criticized by Timmermans, it should be 
pointed out that the sole claim made by these authors was as follows: “The freezing 
point found for an organic liquid depends somewhat upon the method employed and 
the thoroughness of the purification. The results here given will be found reproduc¬ 
ible provided the general method of procedure is followed.” In a letter to the author 
Professor Keyes states: “The use to which these samples were put was in connection 
with the production of helium in Texas. Whether the samples were of the highest 
purity or not made little difference in this connection, since they served to transfer 
temperature indications obtained from my hydrogen thermometer and platinum 
resistance thermometers to the operators at the Texas helium plant.” 
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the ice point, at the freezing point of mercury (—38.87°C.) (4), at the 
sublimation point of carbon dioxide ( —78.51°C.) (4), and at the boiling 
point of oxygen (—183.00°C.) (4). The last two points were established 
by measuring the vapor pressure of the carefully purified substances in a 
constant temperature cryostat in which the thermocouple was immersed (5). 
In each case the purity of the sample was tested by evaporating to one-half 
volume and then redetermining the vapor pressure. The calibration at the 
mercury point was carried out in the same apparatus as the freezing points 
and under identical conditions. 

The other three thermocouples were calibrated against these two, all 
being inserted simultaneously in a constant temperature bath of pentane, 
the cryostat described by Taylor and Smith (6), and all five being read 
several times in rotation while the temperature of the cryostat was kept 
constant at various temperatures at intervals of about ten degrees along the 
scale, until at least three consecutive series of readings at each temperature 
gave identical values. 


MATERIALS 

Samples of the following compounds were obtained from Professor 
Timmermans, Director of the Bureau International des Etalons Physico- 
Chimiques: carbon tetrachloride, chlorobenzene, chloroform, ethyl acetate, 
carbon disulfide, ethyl ether, and methylcyclohexane, each in a tube sealed 
in vacuo. Each sample was introduced without further treatment into a 
freezing point tube with the minimum possible exposure to the atmosphere 
and was sealed off by the usual procedure without evacuating. Though 
the samples may not have been identical with those used by him in his 
freezing point determinations, they were similarly purified, and had the 
same densities within ±.0001 in all cases (7). 

RESULTS 

A number of heating and cooling curves were run on each substance at 
various intervals in the course of eighteen months, employing more than 
one thermocouple for each sample. The samples were always kept in a 
dark cupboard between measurements. 

With the exception of ethyl acetate and methylcyclohexane, the values 
accepted for the freezing points are based on both heating and cooling 
curves. In all these cases all except the highest, cooling curve values were 
rejected, since obviously the effect of an unsatisfactory degree of super¬ 
cooling, or of a failure to reach true equilibrium between the solid and 
liquid phases, is to give a freezing point which is too low. This was an 
important factor only in the case of the ethyl ether sample, where the 
highest cooling curve values agreed satisfactorily with the heating curve 
values, but where many cooling curves gave values from two to four micro- 
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volts lower. It was not found possible to measure the freezing points of the 
ethyl acetate and methylcyclohexane by our cooling curve method; all 
the values so obtained were not only low but inconsistent. This was par¬ 
ticularly true for the methylcyclohexane. The best value obtained for the 
ethyl acetate, for example, was -83.84°C. Thus, the advantage of the 
heating curve method was particularly evident in these cases. 

The stable form of ethyl ether was the one most often obtained by 
cooling curves, though a preliminary halt of five to twenty seconds at the 
freezing point of the unstable form was usually noted. It seems possible 

TABLE 1 


Freezing points of Timmer mans' thermometer standards 




TIMMERMANS’ VAI UE8 


DIFFER- 







ENCE 

FROM 

SUBSTANCE 

On 



Accepted 

FREEZING 


label 

(1922) 

(1928) 

value 

POINT 

ACCEPTED 




(1928) 

(SKAU) 

VALUE 


degrees C 

degrees C 

degreea C 

degrees C 

degrees C 

degrees C 

Carbon tetrachloride*. 

-22 9 

-22 894 

-22 82 

-22 85 

-22 8 B 

+0 01 

Chlorobenzene 

-45 2 

j -45 175 
\ -45 382 

-45 35 

-45 35 

-45 2 ! 

I -0 13 

Chloroform 

-63 5 

-63 495 

—• 

-63 5 

-63 4 l 

-0 09 

Ethyl acetate 

-83 6 

-83 6 

— 

-83 6 

-83 6 3 

+0 03 

Carbon disulfide 

-111 6 

-111 613 

-Ill 84 

-111 8 

-111 8* 

+0 08 







(0 04) 

Ethyl ether (stable). 

-116 3 

-116 322 

[ — 116 35 
\ —116 37 

(-116 3)t 

-116 2 9 

-0 01 

Eihyl ether (unstable) 

-123 3 

-123 301 

[-123 47 
\ —123 50 

-123 3 

-123 2 B 

-0 05 

Methylcyclohexane. 

-126 3 

-126 35 

-126 85 

-126 85 

-126 3 4 

-0 51 


* The transition point of carbon tetrachloride was also determined on this same 
sample. Transition point = —47.55 ±0 12°C.; see Skau and Meier: J. Am. Chem. 
Soc. 51, 3517 (1929). 

t Private communication. 

that crystals of the unstable form always appear first in accordance with 
OstwakTs step-by-step theory (8). It should also be mentioned that our 
experiments showed definitely that transition from the unstable to the 
stable form of ether can take place completely in the solid phase. This 
was proved by the fact that heating curves for the stable form were ob¬ 
tained on samples which had solidified completely as the unstable form as 
shown by the complete cooling curves. 4 

4 The behavior of ether hci;e described has a bearing on a statement made by Smits 
(Z. physik. Chem. 153A, 287 (1931)): “Der Unwandlungspunkt der flussigen Phase 
liegt bei —105.4° und weiterhin kennt man zwei Schmelzpunkte bei —116° und bei 
—123.4°. Die Modifikation mit dem niedrigsten Schmelzpunkt, die am leichtesten 
erhaltlich ist, hat man bisher als die metastabile Modifikation betrachtet. Da man 
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In no case was there found to be an appreciable change in freezing point 
with time, though the determinations were carried out over the course of 
about eighteen months using the original samples throughout. This 
brings out another advantage of our freezing point method for, as has been 
pointed out by Timmermans (9), pure chloroform, for example, is very 
sensitive on exposure to the air. 6 

The results have been summarized in table 1. Column 2 shows the 
freezing point values given on the labels of the sample tubes as received; 
columns 3 and 4 give Timmermans’ Leiden values of 1922 and 1928 respec¬ 
tively; column 7 shows the differences between our values, column 6, and 
the final accepted values of Timmermans, column 5. 

Since the accuracy claimed by Timmermans for his freezing points is 
only 0.1°C., all of our values can be said to check his final “accepted 
values,” with the exception of that for methylcyclohexane and probably 
that for chlorobenzene. In both of these cases, however, our values agree 
very closely with those determined by him 6 in 1922. On the other hand, 
our value for carbon disulfide agrees with his more recent value, which was 
0.23°C. lower than the value he reported in 1922. 

It is suggested that the following be accepted as the freezing points of 
these substances 7 on the basis of the data now available: 


Carbon tetrachloride —22 8 6 °C. 

Chlorobenzene —45 2° 

Chloroform —63 4 6 

Ethyl acetate —83 6° 


aber nunmehr wei&s, dass die Flussigkeit allotrop ist, kann auch . . . die Modifika- 
tion mit dem hoher£n Schmelzpunkt die metastabile Modifikation sein. Wir sind 
damit beschaftigt diese Frage experimentell zu klaren”. Our results show that for 
ether the form with the lower melting point is the unstable form, which is, in fact, in 
agreement with more recent experiments by Smits (private communication). 

6 Professor Keyes suggests the desirability of designing a freezing point tube 
similar in construction to the one here described but with a larger capacity so that it 
could be used with a platinum resistance thermometer with a correspondingly modi¬ 
fied technique. This could probably be used solely for the cooling-curve method, 
but would be decidedly advantageous in that (1) it would make available for tem¬ 
perature comparison a number of substances which crystallize well but which become 
impure on exposure to air, and (2) it would obviate the necessity of handling the 
sample before freezing point determinations, with the resulting possibility of the 
introduction of impurities. 

6 The reason suggested by Professor Timmermans for the lowness of his value for 
the freezing point of methylcyclohexane in 1928 is that considerable air may have 
dissolved in the sample, for by his method the sample is stirred vigorously without 
excluding air (private communication). 

7 Professor Timmermans has expressed his willingness to endorse this revision of 
his “accepted values” in the light of the evidence now at hand (private communi¬ 
cation). 
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Carbon disulfide. — 111. 8 5 °C. 

Ethyl ether (stable). —116.3° 

Ethyl ether (unstable). —123.3° 

Methylcyclohexane. —126.3* 


The values for toluene and isopentane, which also belong to this series 
but which, unfortunately, were not included here, will be determined at 
the earliest opportunity. 

This investigation bears out the fact that accurate freezing points can be 
measured by heating curves. It should be pointed out that our method 
has the decided advantage of being applicable to all substances which can 
be caused to crystallize within the temperature range from 250°C. down to 
very low temperatures, irrespective of their viscosities or other properties, 
such as a slow rate of crystallization, which interfere with obtaining good 
values by the usual cooling-curve or Beckmann method (3). It requires only 
a small sample, an important factor where rare substances are being dealt 
with, and any number of determinations can be made on the same sample. 
Most important, the sample can be introduced into the freezing point tube 
and sealed off entirely out of contact with air, and the determination made 
in vacuo. This is particularly important not only in the case of compounds 
which are hygroscopic (like ethyl alcohol), or which absorb carbon dioxide 
in contact with air (like polyphenols), but also in the case of any liquid 
freezing below 0°C., for at low temperatures the condensation of moisture 
and of carbon dioxide, as well as the dissolving of the other constituents of 
the atmosphere, are a very grave source of contamination. 
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INTRODUCTION 

The study of the catalytic oxidation of carbon monoxide was begun in 
1917 as a result of the war gas investigations. At first, in view of the 
practical nature of the problem, attention was focused upon the prepara¬ 
tion of some cheap and durable catalyst, efficient at temperatures as low 
as 0°C. As a result of these studies there were prepared commercial 
catalysts consisting of mixtures of oxides. The preparation of a single 
pure oxide in sufficiently active state to be 100 per cent efficient at low 
temperatures tfas first accomplished in the case of manganese dioxide (1). 
Later an equally active cobalt sesquioxide (2) was prepared. In 1930, 
Bennett and Frazer (3) made a thorough study of seventeen pure metallic 
oxides, of which oxides eleven were partially efficient below 200°C. and 
three were 100 per cent efficient at freezing temperatures. These three 
active catalysts were the oxides of manganese, cobalt, and nickel. 

A survey of the above work emphasizes several requisites for an efficient 
catalyst: (1) It must be finely divided. Any heat treatment reduces the 
active surface by sintering and is thus detrimental to the efficiency of the 
catalyst. This was recognized at the beginning of the investigation, and 
precipitation methods have been used throughout. (2) An oxide of a 
single metal, in order to be an efficient catalyst, must be extremely pure. 
Traces of impurities may inhibit or even entirely destroy the activity of the 
oxide. The success of Bennett’s oxide catalysts was largely dependent on 
his method of purification of the hydroxides by electrolytic filtration. In 
previous experiments, the finely divided state of the oxide has been invari¬ 
ably secured by precipitation methods, and purity of the oxide by washing. 
Precipitation did secure a finely divided oxide, but it invariably resulted in 
contamination of the catalyst by the precipitant, usually sodium hydroxide. 
Lengthy and tedious washing was depended upon to remove the impurity. 

The low temperature oxidation of pyrophoric metals provides a means 

1 From the dissertation submitted by C, M. Loane to the Faculty of Philosophy, 
The Johns Hopkins University, in partial fulfilment of the requirements for the de¬ 
gree of Doctor of Philosophy. 
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for the preparation of oxide catalysts whereby no impurity is introduced in 
large concentration and what foreign matter is present is easily removed. 
It is the purpose of this paper to develop in detail this new method for 
obtaining the oxides of nickel, cobalt, iron, manganese, and copper. 

Two procedures were used for the preparation of the finely divided, pyro¬ 
phoric metals: (1) Preparation of the metallic amalgams and subsequent 
removal of the mercury by distillation (4); (2) Reduction of the metallic 
salt by sodium in ammonia solution (5). 

PREPARATION OF OXIDES OF METALS FROM AMALGAMS 

The metallic amalgams were prepared by electrolysis of a slightly acid 
solution of the sulfates over a mercury cathode. The amalgams were 
vacuum distilled and the metal obtained in a pyrophoric condition. 
After oxygen had gradually come in contact with the metal so that at no 
time was a larger amount of heat generated, the product was tested for its 
catalytic efficiency. 

Since the oxides prepared by the above method were not washed before 
testing, care was taken to purify the mercury and the sulfates used in the 
electrolysis. 

The mercury was passed through a 6-foot nitric acid column four times 
and distilled three times. 

Chemically pure sulfates were twice recrystallized. The electrolysis was 
carried out in a 400-cc. beaker. The concentration of the salt was chosen 
so that, by complete electrolysis of 300 cc. of solution, an approximately 
2 per cent amalgam would be obtained. A few drops of sulfuric acid were 
added to the solution so prepared. Thirty cubic centimeters of mercury 
formed the cathode in the bottom of the beaker. The anode was of plati¬ 
num gauze, except in the case of the manganese and iron salts. A current 
of approximately one ampere was used, so that the electrolysis was gen¬ 
erally completed in twenty-four hours. Excess electrolyte was removed 
by washing the amalgam with distilled water. 

In the case of the electrolytic preparation of the iron amalgam, an iron 
wire anode was used instead of the platinum gauze. 

If the usual platinum anode was used when preparing the manganese 
amalgam, the amalgam was contaminated by scales of manganese dioxide 
forming at the anode and falling down on the amalgam. This difficulty 
wad overcome by enclosing the anode in a glass tube, the bottom of which 
was formed by a porous clay disc. The inside of the tube was filled with 
concentrated ammonium nitrate solution. With these precautions ob¬ 
served, the electrolysis proceeded smoothly, without the formation of any 
dioxide. However, owing to the porous disc between the electrodes, only 
a small current could pass, and a week was necessary before a sufficiently 
concentrated amalgam was obtained. 
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In table 1 are listed the results of the above procedures. 

Another method of obtaining the oxide catalysts was also used. The 
concentrated amalgam was exposed to the air until sufficient metal 
had separated as the oxide, and the powder was mechanically separated. 
Oxides of cobalt and of iron were readily obtained in this way. Nickel and 
manganese oxides were obtained in sufficient quantity only after several 
months. Copper amalgam was stable, no apparent oxidation taking 
place. 


TABLE 1 

Metallic oxides prepared from amalgams 


METAL 

NATURE Q* 
AMALGAM 

DISTILLA¬ 

TION 

TEMPER¬ 

ATURE 

NATURF OF 
METAL 

CONDITIONS OF 
OXIDATION 

NATURE OF 
OXIDE 

Nickel 

Thick, 

| smooth 

degrus C 

190 

Dull grey, 
fluffy mass 

i 

0 2 stream 

2 hours at 
200°C. 

Grey 

Cobalt 

M 

Lumpy 

250 

Hard, grey, 
metallic 
lump 

0 2 stream 

3 hours at 
200°C. 

Grey, me¬ 
tallic 

Iron 

Thick, 

lumpy 

250 

Hard, black 
lump 

240°C 

3 hours 

Dark red 

Manganese 

Smooth, 

dilute 

200 

Grey, porous 
lump 

200°C. 

18 hours 

Dark brown 

Copper 

Thick, lus¬ 
trous 

200 

1 

Red, spongy 

200°C. 

10 hours 

Surface— 
dark blue 


PREPARATION OF OXIDES OF METALS OBTAINED BY REDUCTION IN 

AMMONIA 

Selected anhydrous salts of the metals were dissolved in ammonia and 
sodium added. The metals precipitated by the sodium were filtered, 
washed by ammonia, and allowed to oxidize slowly. 

Anhydrous nitrates were used wherever possible. The nitrates cannot 
be dehydrated by heat treatment alone, for they decompose at a lower 
temperature than is necessary to drive off the water. A special method 
was necessary. That of Guntz and Martin (6) for the preparation of 
anhydrous cobalt and nickel nitrates seemed the most convenient. The 
nitrate was dissolved in its own water of crystallization at as low a tem¬ 
perature as possible and the solution poured into a large excess of fuming 
nitric acid. In several minutes the anhydrous salt precipitated. The 
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excess nitric acid was decanted, and the precipitate washed several times 
with fuming nitric acid. Most of the acid was decanted and the rest 
removed by vacuum distillation over quicklime and phosphorus pentoxide. 
This procedure was successfully applied to the nitrates of nickel, cobalt, 
and copper. 

Ferric nitrate (nonahydrate) was partially dehydrated by a modification 
of the above method and was used in this imperfect state of dehydration. 

Guntz also prepared anhydrous manganous nitrate by treating the 
hydrate with nitric anhydride. As this method is too involved to be 
practical, it was decided to prepare the iodide, even though the halides 
are generally undesirable in that they are poisons for the carbon monoxide 
oxidation. Manganous iodide, MnI 2 -4H 2 0, was prepared by bubbling 
hydrogen iodide through a mixture of manganous carbonate and water. 
A concentrated solution of manganous iodide was thus prepared and, when 
dried in vacuum, it readily yielded the anhydrous iodide (7) as a pale 
brownish-pink solid. 

TABLE 2 


Oxides prepared by slow oxidation of metals obtained by reduction in ammonia 


METAL 

NATURE OF PRECIPI¬ 
TATE IN AMMONIA 

TIME OXIDE 

WAS WASHED 

FINAL PRODUCT 

Nickel 

Brownish-black 

hour 8 

24 

Black 

Cobalt 

Very fine black 

48 

Black 

Iron 

Black 

48 

Red-brown 

Manganese 

Ore} -brown 

60 

Grey-brown 

Copper 

Bronze 

60 

Brownish-black 


An unsilvered 300-cc. Dewar flask was used as the reaction chamber. 
The use of such a vessel prevented the ammonia from evaporating rapidly 
and allowed the outer surface of the vessel to remain unfrosted so that 
the reaction could be observed. 

The usual procedure for the reduction was as follows: the anhydrous 
salt was dissolved in ammonia, and sodium, freshly cut under petroleum 
ether, was added piece by piece as long as any reaction took place. This 
method was satisfactory ior nickel, cobalt, manganese, and copper. 

If the above routine was followed, the reduction of the incompletely 
dehydrated ferric nitrate was complicated by the formation of a complex 
and by the tendency of the added sodium to explode. In view of these 
difficulties, the roughly calculated amount of sodium was added first and 
the ferric nitrate later. TJie reduction then proceeded smoothly. 

The precipitated metals were in all cases separated from the ammonia 
by suction filtering. The suction flask had to be immersed in an ether-dry 
ice mush to prevent the ammonia from boiling during the filtration. The 
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precipitate was washed on the filter by approximately one half liter of 
liquid ammonia. At no time was the precipitate sucked dry from am¬ 
monia; and, while the metal was still moist, it was removed from the filter 
and placed in a vessel such as an Erlenmeyer flask, into which air could 
enter only by diffusion. Although the metals all became hot enough to 
glow when the ammonia was removed rapidly (as was the case when the 
suction filtering was continued too long), the method of gradually admit¬ 
ting air as the ammonia slowly evaporated served as an efficient means of 
slow oxidation. Several hours usually suffice for the oxidation. 

Manganese was so active that it became warm in the Erlenmeyer while 
still moist with ammonia. A cork placed loosely in the mouth of the flask 
cut down the supply of air sufficiently so that rapid oxidation ceased. 

The metal oxides, along with sodium oxide, hydroxide, and amide as 
impurities, were then placed on the suction filter and washed with water. 
The purification was continued until the water in the suction flask failed 



to give any test for sodium. The oxides (see table 2) were then dried and 
tested for catalytic effect. 

The results of the above procedures are given in table 2. 

METHOD OF TESTING CATALYTIC EFFICIENCIES 

The apparatus for testing the efficiency of the catalyst is shown in 
figure 1. Two flowmeters, A and A', controlled the rate of the flow of 
carbon monoxide and oxygen. The valves of the carbon monoxide and 
oxygen storage tanks were adjusted to give a 1 per cent mixture of carbon 
monoxide in oxygen at a rate of 100 cc. per minute. The gases passed 
through a soda-lime tower, B, and a phosphorus pentoxide tower, C. 
The gaseous mixture then passed through the U-tube, D, which contained 
a 1 sq. cm. x 10 cm. bed of the catalyst. The carbon dioxide, formed during 
the passage over the catalyst, was absorbed in a solution of barium hydrox¬ 
ide contained in G. The residual gases were then swept through the 
soda-lime tower, H, and the phosphorus pentoxide tower, I. The dry 
mixture then passed through the U-tube, J, containing hopcalite main- 
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tained at 150°C. Any carbon monoxide which remained in the gas was 
completely oxidized by the hopcalite and was absorbed by the barium 
hydroxide in K. The remaining gas passed out through the soda-lime 
tower, L. 

Stopcocks E and F were convenient for sweeping out the system and 
for regulating pressure when introducing barium hydroxide into the bubble 
tubes. 

The catalysts obtained as hard lumps were broken up into smaller 
granules and sealed into the U-tube. Others of the oxides, in the form of 


TABLE 3 

Efficiencies of the catalysts expressed in per cent 


TEMPERATURES 

— 78°C 

-40°C 

0°C 

30°C 

100 # C 

150°C 

Oxides prepared by distillation of mercury and activation in oxygen 


per cent 

per cent 

per cent 

per cent 

per cent 

per cent 

Nickel 




6 

49 

90 

Cobalt 

80 

100 





Iron 




7 

50 

100 

Manganese* 




5 

38 

62 

Copper 




2 

24 



Oxides of metals prepared by reduction in ammonia 


Nickel . 




24 

72 

100 

Cobaltf 

100 






Iron 





40 

100 

Manganese 


0 

100 




Copper 




52 

100 

100 


* Manganese and cobalt oxides, prepared by direct oxidation of the amalgam, 
were even more active, the latter being 100 per cent efficient at — 78°C. 

t The cobalt oxide was also tested before washing, when it contained at least 
10 per cent impurity. Even with this large amount of sodium present, the oxide 
was 100 per cent efficient at 0°C All the carbon dioxide formed by the oxidation 
was taken up by the sodium oxide, no carbon dioxide showing up in either bubble 
tube. 

fine powder, were packed in the tube with pieces of broken glass so as to 
decrease the resistance to the gas stream. The tube containing the 
catalyst was placed in the train and heated to 150-200°C. while a current 
of oxygen passed through the system. This treatment, continued for 
several hours, served at once to dry the catalyst, to further the oxidation 
of any of the metal that ha,d not been oxidized at room temperatures, and 
to remove any cerbon dioxide from the train. Fifty cubic centimeters of 
a standard solution of barium hydroxide was introduced into each bubble 
tube, and the flow of the gases through the system started. After running 
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the test for the desired length of time, usually twenty minutes, the effi¬ 
ciency of the catalyst (see table 3) could be obtained by a determination 
of the amounts of barium hydroxide used up in the two bubble tubes. The 
percentage efficiency is the amount of barium hydroxide used up in the first 
bubble tube divided by the amount used m both bubble tubes. This was 
determined by titrating the unchanged barium hydroxide with standard 
acid. 

COMPOSITION OF THE CATALYSTS 

The catalysts from the amalgams were examined for mercury by pre¬ 
cipitating with hydrogen sulfide. The cobalt and nickel catalysts showed 
the presence of a trace of mercury, but in the case of the other metals no 
mercury was found. It is unlikely that the small amount of mercury pres¬ 
ent would have any effect on the reaction. 

In the case of the catalysts prepared by oxidation of metals precipitated 
in ammonia, sodium must have been present in small amounts. However, 

TABLE 4 


Comparison of activities of oxides 


METALS 

PRECIPITATED OXIDES 
(BENNETT) 

OXIDES FROM 
AMALQAMB 

OXIDES OF 
METALS FROM 
AMMONIA 

At 30°C 

At 

100°C 

At 

30°C 

At 

100°C 

At 

30°C 

At 

100°C 


per cent 

;per 

per 

per 

per 

per 



cent 

cent 

cent 

cent 

cent 

Nickel 

100 

100 

6 

49 

24 

72 

Cobalt 

100 

100 

100 

100 

100 

100 

Iron 

0 

1 

7 

50 


40 

Manganese 

100 

100 

5 

38 

100 

100 

Copper 

Reduction 

100 

2 

24 

52 

100 


alkalies have been shown to be poisons for this reaction (8) and could cer¬ 
tainly have exerted no promoter action. 

The amount of oxygen in the catalyst had no meaning. For example, 
anal ysis of one of the cobalt catalysts showed slightly les-3 oxygen than 
corresponded to 2 oxygen:3 cobalt. In all cases the amount of oxygen 
varied according to the conditions of activation. 

As is evident, it was not attempted to obtain a catalyst of definite com¬ 
position, but it was shown here that the active metallic surface may be 
changed into an active oxide surface by a process of low temperature 
oxidation. 

RELATIVE EFFICIENCIES OF OXIDIZED METALS AS CATALYSTS 

Some idea of the activities of these oxides relative to those of precipi¬ 
tated oxides may be obtained from table 4. 
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As is evident from table 4, the method developed in this paper 
does not give oxides any more active than those precipitated and carefully 
purified. It does, however, offer another general method of preparing 
oxides whose activity is certainly comparable to that of those prepared 
by precipitation. 

The percentage efficiencies given for the oxidized metals may be made 
to parallel those for the precipitated oxides even more closely if the follow¬ 
ing facts are taken into account. 

The low results for nickel and manganese oxides from the amalgams are 
due to the insufficient oxidation of the metal. The oxides can be made 
more efficient by longer heating in oxygen. 

Higher efficiencies may be expected in the case of nickel and manganese 
oxides (prepared by reduction in ammonia) if the washing is continued 
longer. The results given in table 4 are for the oxide washed for only one 
or two days. Longer purification slowly increased the efficiency. 

The efficiencies of oxidized iron and copper are listed higher than those 
of the precipitated oxides. The results given in this work, however, are 
for a twenty minute run. At least part of the carbon monoxide oxidation 
below 100°C. involves chemical reduction of the oxides, for subsequent 
runs show decreasing efficiency of the catalyst. 

The results obtained in this present work bring out an interesting point. 
It is the general belief that manganese dioxide is more active catalytically 
than the other oxides and that its presence as the essential oxide in com¬ 
mercial catalysts is uniquely responsible for the efficiency of those catalysts. 
The data presented here seemed to show that the oxide of cobalt is more 
active, or, at least, that it is less sensitive to impurities and generally easier 
to prepare in an active form. 


SUMMARY 

1. Methods have been developed for the low temperature oxidation of 
pyrophoric metals. 

2. The oxidized metals have been tested as catalysts for the carbon 
monoxide oxidation. They have been found to be comparable in activity 
to the most carefully purified precipitated oxides. 
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INTRODUCTION 

Adhesion between a bubble of air and a solid surface is the basis of the 
flotation process. In order that a small particle of mineral may become 
incorporated in the froth at the top of the machine, it is necessary first 
for it to become attached to (i.e., to adhere to) an air bubble of sufficient 
buoyancy to carry it upwards. It is the purpose of this communication 
to investigate some of the physical and chemical principles underlying the 
adhesion between a bubble of air and a single solid particle and to draw 
attention to some of the problems awaiting solution before an explanation 
of the physical nature and behavior of froth systems can be obtained. The 
froth differs from the simple case in which a single particle is considered, 
in that each bubble is coated by numerous small particles of mineral instead 
of merely being attached to one particle. Nevertheless a discussion of the 
principles involved for a single particle may be of some value in considering 
the general case. 

It has been shown (1) in the course of an investigation being carried out 
in the University of Melbourne for and at the expense of a group of mining 
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companies 1 that an air bubble in water will not adhere to a clean surface 
of any of the common sulfide or gangue minerals or to metals. When, 
however, a unimolecular film of a xanthate is adsorbed by the mineral, 
the air of the bubble spreads to a limited extent over the mineral surface, 
partly replacing the aqueous phase in so doing. Spreading continues until 
a definite angle between the air-water interface and the water-mineral 
interface, 0, is attained which is determined by the well-known relation¬ 
ship 


where TT BW , and T wa are the surface tensions at the air-solid, solid-water, 
and water-air interfaces, respectively. Different conditions of the min¬ 
eral surface and different reagents lead to variations in the contact angle. 
One of the major objects of this paper is to investigate the significance of 
changing contact angle on the tenacity of contact between air and mineral 
and, through it, on floatability. Incidentally, it should be noted that the 
molecular mechanism through which adhesion is achieved is unimportant 
in thermodynamical and mechanical discussions. 


o 



I. EQUATION TO THE SURFACE OF A STATIONARY BUBBLE OF AIR IN WATER 

All theories of capillarity are in agreement concerning the difference in 
pressure on the two sides of a curved interface between two fluids, namely, 
that this pressure difference at any point is equal to 



1 Broken Hill South Ltd., North Broken Hill Ltd., Zinc Corporation Ltd., Elec¬ 
trolytic Zinc Co. of A/asia Ltd., Mt. Lyell Mining and Railway Co., Burma Cor¬ 
poration Ltd. 
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where r wa is the surface tension and R and R f are the two principal radii 
of curvature at that point. Assuming this difference in pressure, Bash- 
forth and Adams (2) show how the equation to the surface may be derived. 
Since this work is not generally available, a modified development is pre¬ 
sented here. Let Po and P 0 ' be the pressures on the inner and outer sides, 
respectively, of the surface at 0 and P A and P A be the corresponding pres¬ 
sures at any point A. Let <t> be the angle which the normal to the surface 
at A makes with the axis of revolution, and let 0 be its supplement. The 
two principal radii of curvature are equal at 0; let each be denoted by 6. 
One of the two principal radii of curvature at A is x/sin <f>; let the other 
be denoted by p. It is obvious that 



P A ~ P 0 “ 

(i) 

and 

P A - P 0 " 

(2) 

where 01 

and <72 are the densities of air and water respectively. 

Then 


p o - p o ~ ' 2 / 6 

(3) 


. '■.-'V-r-OV + i) 

(4) 

Whence, subtracting equations 3 and 4 and substituting from equations 1 

and 2, 

. . _ /sin </> 1 2\ 

gz (<ri — o- 2 ) = T wa f — -h - — ~ J 

(5) 

or 

2 gz (<ri — a 2 ) sin ^ 1 

b r»» x P 

(6) 


In the case of a bubble of air in a liquid, a — is negative. 
Following Bashforth and Adams let 


Equation 6 then becomes 


gb 2 (<ri — a 2 ) 

r wa 



(7) 


in which 0 is negative. 

If p and <j> are expressed 2 in terms of x and z it becomes apparent that the 
differential equation cannot be exactly solved. Using equation 6, Bash- 
forth and Adams have constructed tables by which corresponding values 


8 Expression of p and <f> in terms of x and z : 

1 + 
da* { + 

dz 
dx 


1 

p 


/dzY 3/2 

W. 


1 + 


(tr 


sin <t> 
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of x, </>, and z may be approximately obtained for any given values of b 
and 0. 0 determines the form of the bubble and b its magnitude, but since 
0 depends partly on 6, the magnitude of the bubble partly determines its 
form. These tables are extensive enough for the calculation of the shape 
of the interface between two fluids for which <r 2 > <ri, i.e., where 0 is posi¬ 
tive. Where 0 is negative, however, they are not nearly as comprehensive, 
and for bubbles of air in water it is only over a limited range that the cal¬ 
culations are possible. 

It will be apparent that the nature of any solid surface to which the 
bubble of air may be attached has no influence on the shape of the 
bubble, for the nature of the solid cannot affect any of the pressure terms 
used in deriving the equation to the surface. The bubble fits on to the 
surface of the solid with a definite angle of contact, and above the plane of 
contact the shape is the same as that of a bubble of greater depth. Fortu¬ 
nately Bashforth and Adams tabulate the angle </>, which is he supplement 
of the angle of contact, 0, measured across the water, at the line of triple 
contact. This angle was directly measured in the paper already cited (1). 



Fig. 2, Shapes and Sizes of Stationary Air Bubbles in Water (in cm.) 


II. ARITHMETICAL SOLUTION OF THE EQUATION FOR BUBBLES OF 
DIFFERENT SIZES 


Since 




(<*i — <r 2 ) 

Q 


6 * 


and, from Kaye and Laby’s Physical and Chemical Constants, g = 980 
cm. per sec.* for Melbourne, (<n - <r 2 ) = 0.997 at 20°C., allowing for the 
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saturation of the air by water vapor, and T w « = 72.8 dynes per centimeter 
(Bohr’s value), the value of 0 reduces to — 13.43 b 2 . 

Figure 2 shows not only the shapes but the actual sizes in centimeters of 
a series of bubbles of air in water corresponding to different values of 
These have been calculated from Bashforth and Adams’ values of x/b 
and z/b , and the value of b corresponding to each value of £. There is 
good agreement between the shapes of calculated curves and photographs 
of actual bubbles. 

Worthington (3) states that pendant drops of liquids are unstable with 
regard to surface oscillations at points where they are reentrant. The 
writer has not been able to obtain any reasonably stable reentrant surfaces, 
though if the buoyancy of the bubble is balanced by an upper supporting 
tube, reentrant surface may persist for some time in the absence of vi¬ 
brations. 

III. EQUATION CONNECTING VOLUME OF BUBBLE, ANGLE OF CONTACT, AND 
AREA OF AIR-SOLID CONTACT 

Bashforth and Adams develop by two methods a formula for the volume 
contained by a bubble above any given plane in the bubble. The follow¬ 
ing analysis is based upon their second derivation. Assume that a mass 
of water of the same size and shape as that portion of the bubble being con¬ 
sidered replaces it in the water. The vertical forces acting on this mass of 
water, which obviously is in equilibrium, are: 

(1) Its weight V-a 2 -g acting downwards. 

(2) The force due to the hydrostatic pressure P A at the base of the 

volume, • ?r • x 2 upwards. 

(3) The resultant, F, (acting downwards) of the hydrostatic pressure 

over the curved part of the surface. 

Whence 


F -f Va 2 g - irX*P A ' (8) 

For the bubble of air, the vertical forces acting on the portion under con¬ 
sideration are: 

(1) The same force, F } acting downwards. 

(2) Its weight V<ng acting downwards. 

(3) The surface tension force, 27rjr wa -sin</>, acting downwards. 

(4) The pressure of the air lying under the plane considered, wz 2 

P A . (If the bubble is cut off, not by an imaginary plane but 
by a solid surface, this pressure term is placed by an equal 
reaction acting upwards.) 


Whence 


F + V<Tig + 2rxT w% sin 4> — *&P A 


(9) 
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Equations 8, 9, and 4 reduce to the equation of Bashforth and Adams, 
viz., 

irx 2 r w 


v - 


g(<ri — <r 2 ) 


or, introducing p, 


7r6 2 X 2 


( 1 sin <A 

p x y 

( 1 sin <f>\ 

P x ) 


( 10 ) 


( 11 ) 


where, as before, P is negative. Since V is always positive, sin <j>/x must 
always be greater than 1/p. Bashforth and Adams have constructed 
numerical tables for different values of P and b which enable a numerical 
solution for V —correct, if necessary, to 1 part in 100,000—to be made over 
a limited range. 

It would be possible to construct a three-dimensional model to show cor¬ 
responding values of the three variables, V , 0, and x for any two fluids, 
assuming T WBk , ai — <7 2 , and g to be known, i.e., b 2 /P to be fixed. It is, 
however, easier in the first place to construct sectional diagrams which 
represent the relationship between any two of the three variables when the 
third is constant. These sectional diagrams are now considered. 


IV. ARITHMETICAL SOLUTION OF THE EQUATION OF III 

(a) 0 constant . Figure 3 shows the relationship between V and x for a 
series of different (constant) values of 0. The irregular choice of angles in 
constructing this figure was necessitated by the incompleteness of the 
tables upon which the calculations were based. 

The meaning of the graph is best illustrated by considering for one of the 
curves (for example that for 90°) the shapes of the bubbles corresponding 
to a number of points on the curve. The numbers 3, 4, etc., correspond to 
those portions of the bubbles of figure 2 above 0 = 90° for values of P of 
— 0.3, 0.4 etc., respectively. The points marked 4a and 4b correspond 
to bubbles, one of which (4b) is merely a continuation of the other to a 
position where, for the second time, an angle of 90° develops. As ex¬ 
plained above, this involves a reentrant surface and thus for flotation the 
portion of the curve beyond 6a is probably unimportant. 

Two important curves follow from figure 3. These show respectively (1) 
maximum volume of bubble for a given value of 0 (figure 4) and (2) maxi¬ 
mum value of x for given values of 0 (figure 5). 

The figures of figure 5 are immediately applicable in flotation, but the 
maximum values of V given in figure 4 all correspond to bubbles with 
reentrant surfaces. The maximum values for non-reentrant bubbles are 
also plotted in the dotted curve; these would be of more interest with 
regard to flotation. 
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Fig. 3. Relationship Between Volume of Bubble and Radius of Circle 
Contact for Various Angles of Contact 


OF 


Experimental verification. Figure 5 has been verified experimentally, 
the points marked by a circle being experimental values. This verification 




Fig. 4. Maximum Bubble Volumes for Given Contact Angles 



Fig. 5. Maximum Values of Radius of Circle of Contact for Given Contact 

Angles 

Q Experimental points 
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is tedious, a large number of bubbles which will just hang to the surface 
being measured for a series of different xanthates, which give charac¬ 
teristic contact angles. The experimental points were determined by Mr. 
A. B. Cox without preknowledge of the position of the theoretical curve. 



Fig. 6. Relationship Between Volume of Bubble and Angle of Contact foe 
Various Values of Radius of Circle of Contact 


(6) x constant. Figure 6 shows the relationship between V and 0 for a 
series of different (constant) values of x. The meaning of the curves is 




Fig. 8. Relationship Between Radius of Circle of Contact and Angle 
Contact for Various Values of Bubble Volume 
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again best understood by tracing, for one of the curves—e.g., that for x = 
0.125 cm.—the shapes of the bubbles corresponding to various points on 
the curve. Along the portion OA the angle of contact is steadily decreas¬ 
ing to the minimum value, but along AB it increases again as reentrant 
surfaces appear. From B to C, though the angle is still increasing, the 
volume is diminishing, owing to increasing flatness of the bubble. 

Two important curves follow immediately from figure 6. These show, 
respectively, (1) the minimum value of 6 for given values of x , and (2) 
the maximum value of V for given values of x (figure 7). It is obvious 
that the curve showing the minimum values of 0 plotted against x is iden¬ 
tical with that of figure 5, which shows the maximum value of x plotted 
against 0. 

(c) V constant Figure 8 shows the relationship between 0 and x for a 
series of different (constant) values of V. It will be seen that both arms 
of any of these curves approach the x-axis asymptotically. The points on 
the lower arm all represent bubbles with reentrant surfaces; at A , how¬ 
ever, reentrant surfaces disappear and from A back to the x-axis the bubbles 
have the simplest form. 


V. REPLACEMENT OF SOLID-WATER CONTACT BY SOLID-AIR CONTACT 

Tenacity of adhesion 

The conditions which determine whether air will displace water at the 
surface of a solid follow immediately from thermodynamics. This has 
been realized by several writers, but others have given incorrect analyses. 
Restatement may be helpful. For any rearrangement of the surfaces to 
occur when an air bubble is brought into contact with a submerged min¬ 
eral surface, it is necessary that the potential energy should decrease. 
Since, under the conditions of flotation practice, the air-mineral interface 
cannot be created without the simultaneous destruction of mineral-water 
and water-air interfaces, the condition for replacement of water by air is 
evidently 3 

T & „ < T m a 4- T tw 


and 


W = TV* + r.* - T„ 


( 12 ) 


is the measure in ergs of the work done per unit area by the system during 
this rearrangement. 

No satisfactory method is available for the determination of the surface 
tensions at the solid-liquid and solid-air interfaces, but the value of T wtk 

3 It is shown in textbooks of physics that free surface energy in ergs per unit area 
and surface tension in dynes per unit length are numerically equal. Surface tensions 
may therefore be used in place of surface energies in these equations. 
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may be measured by a variety of methods Both 7\«, and T aw may be 
eliminated, however, by introduction of the contact .unde 
When equilibrium is reached, 



and substituting for T M — T BW in equation 12 

W - Tyt% (1 - cos e) (13) 

which is the work done per unit area in forming the contact between air 
and solid (free energy of formation) at the expense of the solid-water and 
water-air contacts, or alternatively is the work 4 which must be expended 
in destroying the air-solid contact. It may thus be regarded as a meas¬ 
ure of the tenacity of adhesion. When 6 = 0, the expression reduces to 
zero and there is no tendency for sticking; when 0 = 180°, the expression 
reaches a maximum of 2T wa . The adhesive tendency may conceivably be 
greater than corresponds to complete wetting by air, if T M — T Bw > 
T wm (4), but no such cases are known. 

VI. TRUE AND APPARENT AREA OF CONTACT 

When a submerged bubble of air is pressed against a solid surface it 
sometimes fails to spread uniformly. Portions of the surface are in true 
contact with the air, but others may be fouled or for some other reason the 
air makes no true contact, with them. The area of true contact will not 
then be identical with the apparent area of contact, and in estimating the 
tenacity of contact from the equation, W = T wa (1 — cos 0) ergs per unit 
area, the true rather than the apparent area of contact must be employed. 

It is important that the relationship between these two areas should 
be known. Some experiments at a cerussite surface using a bubble of 
carbon tetrachloride throw light on this question. If the surface be freshly 
prepared in the manner described in the third paper of this series, the 
carbon tetrachloride does not spread immediately over the whole surface. 
Contact first occurs at a series of small isolated areas whose extent grad¬ 
ually increases. The water is gradually forced out between them and 
ultimately, save for a few irregular patches, there is a complete disc of 
contact between the carbon tetrachloride and the mineral. A few patches 
of the surface remain wetted by thin layers of water. These observations, 

4 Since the surface of the bubble is curved at the point of contact, and since, 
further, there is a rearrangement of the air-water interface after disruption, small 
corrections are necessary. The curvature introduces a “pressure” correction; that 
it is neligible for fairly large bubbles is proved by the absence of variation in contact 
angle with size of air bubble, and also follows from Lyons' work on floating lenses 
(J. Chem. Soc. 1930, 623). 
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which extend over only a fraction of a minute, are possible because of the 
high refractive index of the carbon tetrachloride. The line of vision should 
be at right angles to an illuminating beam of light and inclined at 20° to 
the horizontal. 

If, however, the surface of the mineral is oiled, or is coated by what is 
called in flotation an organic collecting agent, the carbon tetrachloride 
spreads outwards very quickly, and no surface inclusions of the aqueous 
phase remain. It may be concluded that where the surface is in a re¬ 
ceptive condition for air-contact, the true and apparent areas of contact 
are identical. This conclusion is supported by the uniform manner in 
which a bubble of air leaves the surface if it is pulled away. 

Ostwald (5) has formulated an ingenious theory in which he claims that 
only a unimolecular ring of the organic collecting agent is necessary to 
ensure attachment of the bubble to the particle. His main evidence in 
favor of this theory is the v^ry doubtful statement that sufficient collector 
is not present to form a unimolecular film over the whole surface. The 
above expression for the tenacity of sticking proves, however, that such a 
ring contact would be so unstable as to collapse with the slightest dis¬ 
placement unless the moving air-water-mineral boundary carried with it 
the ring of collector, i.e., that the attraction between mineral and collector 
was so small as to permit free movement of collector molecules over the sur¬ 
face. This it is not, for if a mineral which has had contact with a xanthate 
solution for a minute be removed and washed in several changes of water, 
it still retains over its whole surface the power of attachment to an air 
bubble. Recent measurements of surface tension (6) indicate moreover 
that there is little adsorption of xanthate in the air-water interface. 

A contaminated patch in the center of the air-mineral contact will not, 
of course, influence the stability of the contact for small displacements, 
but it will cause a rapid unopposed contraction of the area of contact the 
moment the displacement of the bubble wall reaches it. 

In the experiments described in the paper of Wark and Cox (1) and in 
those of the following papers, there has been little or no fouling of the 
surface. When one is approaching a region of non-sticking, however, as for 
example when alkali is added to a xanthate solution in contact with galena, 
the surface does change in such a way that the true area of contact is 
apparently greatly diminished. Even on a partly fouled surface, at 
points where sticking is possible, the full angle of contact may be de¬ 
veloped. 

VII. DIFFICULTIES IN THE EXPERIMENTAL DETERMINATION OF ANGLE OF 

CONTACT—HYSTERESIS 

Sulman (7), Ablett (8), and Langmuir (9) have shown that the angle of 
contact varies according to whether the line of contact between air, water, 
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and solid is advancing or receding. The angle 6" is greater when the 
water-solid contact is being replaced by an air-solid contact than the 
angle 6' when the reverse is occurring. The difference 6"—6' is termed the 
“hysteresis.” 

Sulman has shown that the variation lies within certain well-defined 
limits, which he claimed were dependent on the mineral. Ablett also 
showed that the limits were clearly defined on a paraffin surface and, 
furthermore, that the mean of 0" and O' was very close to the equilibrium 
value, d; also that the difference between 6" and 6' was a function of the 
rate of motion, and was constant over a range from 0.4 to 4 mm. per second. 

The angle of contact of a bubble in equilibrium on a solid surface is 
(subject to certain minor corrections) given by the expression 


Edser (10) concludes that if, owing to hysteresis, 0 alters, T AB must have 
altered. (It is not stated why T &a and not T aw has been assumed to alter.) 
This would be true if the bubble were still in equilibrium, but under such 
conditions it is not. If the vessel in which the mineral rests is shaken 
lightly, e.g., by tapping the table upon which it stands, the angle of con¬ 
tact reverts to the equilibrium value 6. Hundreds of tests have supported 
this contention. Apart from any experimental verification, however, it 
is obvious that the stress applied at a point of the bubble can have no ef¬ 
fect on the surface energies of the distant interfaces mineral-water and min¬ 
eral-air. 

Some secondary force must assist in the maintenance of apparent equilib¬ 
rium, if variations in T M , T 8W , etc., are inadmissable. A frictional force 
alone could be responsible. To make the argument specific, let it be 
assumed that the stress at the base has been caused by an upward ex¬ 
tension of the bubble which has the effect of narrowing it along its length. 

When the top of the bubble is raised, an attempt is made to increase 
the volume of the bubble. This reduces the pressure of the bubble, and 
thereby creates an excess external pressure which tends to push in the bub¬ 
ble wall. Yet some force, resulting in the hysteresis, prevents the base 
of the bubble from contracting, though in equalizing the pressure the 
bubble wall alters in shape and a new angle of contact develops. Only a 
horizontal opposing force could be effective in preventing motion along the 
mineral surface under the stress of this pressure. This horizontal force 
is thus responsible for the new value of the angle. Furthermore this 
force must disappear when true equilibrium is reestablished, for the original 
angle is again obtained. Such a force, which acts parallel to the direction 
of possible motion and disappears when stable equilibrium is reached, is 
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customarily styled a frictional force. Hysteresis of contact angle is thus 
a manifestation of friction. 8 

Adam and Jessop (11) have already suggested that hysteresis is due to 
friction, but their paper has not received the attention it deserves. This 
is perhaps due to the fact that, beyond the statement that the degree of 
hysteresis is less at smooth than at rough surfaces, they give no reason for 
this interpretation. 

Our experience confirms this statement. It is by no means certain that 
the laws of friction at solid surfaces may be applied when considering 
solid-fluid contacts, but, assuming that they may, it follows that the 
frictional force opposing motion of the bubble over the surface is propor¬ 
tional to our L of equation 16. 

Assuming that hysteresis is due to friction, Adams and Jessop develop 
a formula for 0, namely, 

cos 0 = 1/2 (cos 6” + cos 0') (14) 

In deriving this expression the authors equate terms of unequal dimen¬ 
sions, but their final expression is correct. If H dynes per centimeter of 
air-water-mineral boundary be the frictional force it may be shown that 

4k 

H = 1/2 T wa (cos 0' — cos 0") (15) 

Since 0" — 0' may be as high as 60°, the frictional force may be of an order 
of magnitude as high as one-quarter that of the surface tension. 

Ablett’s results for paraffin wax are accurate enough for testing equation 
14. He found that 

0" = 113° 9' 


and 


0' - 96° 20' 


Whence 


1/2 (cos 0” + cos 0') = 0.2517 


and 


0o*io - 104° 35' 

Ablett’s 0, as measured, was 104°34'. Ablett wrongly expected 1/2 (0" + 
0') to equal 0. The mean value is 104°44' which differs from the deter- 

* The difference between interfacial energy (or tension) and friction is as follows: 
Interfacial energy changes become manifest with destruction and creation of inter¬ 
faces; the frictional force and energy consumed thereby are associated with displace¬ 
ments of surfaces, not primarily with changes in their extent. 
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mined value of 6 by more than the experimental error. A better check 
of the theory could be obtained when using smaller values of 6 , for which 
the difference between mean and cosine mean is greater. 

VIII. THE STABILITY OF AIR-MINERAL ATTACHMENTS 

There has been some misconception with regard to the influence of 
hysteresis on the stability of air-mineral aggregates. Though there may 
be some justification for Sulman's claim that hysteresis imparts a greater 
range of stability to a floated particle , there can be none for Kdser’s state¬ 
ment that, “No particle could float stably but for the possibility of varia¬ 
tion of the contact angle, for if this were constant, a slight tilt would 
inevitably cause the particle to sink.” Sulman later (b) states, “But for 
hysteresis a mineralized bubble could only have a brief existence.” Were 
these statements correct the measurement of contact angle would lose some 
of the significance which we have given to it. It would need to be sup¬ 
ported by an estimation of the hysteresis. It devolves upon us, there¬ 
fore, to explain why it is considered that these statements are incorrect. 

It has been proved above that when the air-mineral contact is formed 
there is a decrease in free energy of the system amounting to T (1 — cos 0) 
ergs per cm. 2 of contact. Since (1 — cos 0) is always positive, there is in¬ 
variably a decrease of free energy on the sticking of the bubble. This 
amounts to saying that the process occurs spontaneously. To liberate the 
air bubble from the surface would require the expenditure of an equal 
amount of work. This implies that the equilibrium is a stable one with 
regard to attempts at disruption. 

While contact between mineral and air is being established, and the air is 
spreading over the surface of the mineral from a small nuclear point of 
attachment, frictional forces would tend to retard the spreading. There 
would thus be a tendency to prevent the true equilibrium angle and area of 
contact being reached, so that the maximum tenacity of sticking between 
air and mineral would develop rather slowly. Nevertheless, because of 
the violent agitation in the flotation boxes, it is probable that the true 
contact angle would develop within a reasonable time. The initial effect 
of hysteresis is therefore to prevent maximum attachment between air and 
mineral, which is the primary step in flotation. 

The effects of hysteresis on the stability of an attachment already es¬ 
tablished must also be considered. It is obvious that, as the contact angle 
can be raised slightly by hysteresis, the stability of contact under a tran¬ 
sient stress can be increased—momentarily at least. Sulman's claim that 
hysteresis imparts a greater range of stability is thus justified in this case. 

An analysis of the effects of all possible types of stress which may be 
applied to a bubble in contact with a mineral surface leaves one in doubt 
whether hysteresis ever imparts much greater stability to the attachment. 
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The bubble and mineral must part company by relative motion in a direc¬ 
tion at right angles to the surface and the force of friction, being parallel 
to the surface, cannot be effective in preventing such motion. On the 
other hand, friction does oppose easy motion of a bubble over the surface 
of a solid or of a solid over the surface of a bubble, but this is probably 
disadvantageous. 

Some experiments with diphenyl ether CeHsOCeHg confirm these 
views. The density of this substance is 1.07 and it melts at 28°C. If 
the melt be allowed to cool on a glass plate, very large smooth crystals 
form. On the smooth surface there is practically no hyst eresis effect, yet 
nothing known to us floats so readily. It is true that the floatability of 
large plates of the compound by very small bubbles is due to the very small 
difference between its density and that of water, but the ability of the 
aggregate to withstand large stresses is, we suspect, due to the absence of 
hysteresis and the consequent flexibility which enables adjustment of the 
partners of the aggregate to meet any external stress. 


Extension to moving systems 

Even when air-mineral attachment is possible, there are certain other 
conditions to be fulfilled in order that a particle may float. 

The capillary force of attraction between air and mineral must obviously 
be greater than their tendency to part. The capillary force of attraction, 
L, corrected for the hydrostatic pressure difference has been shown to be 
given by the expression, 


L = 2irxT wa 


hin 0 — ttx 2 1 



sin <f> 
x 



or, since Q is the supplement of <t>, 


L =• ttj :T y 


‘ ( Hin 9 ~ “) 


The tendency to part may be evaluated from considerations of the dy¬ 
namics of the motion of the air-mineral aggregate. Let the tension 
between mineral and air be E. Let <n, <r 2 , and <r 3 be the densities of air, 
flotation liquor, and solid respectively, and let V\ and V 2 be the volumes 
of air and mineral in the small aggregate under consideration. Let the 
acceleration of the system be / upwards. 

Considering the motions of the bubble and particle separately; 

Vig(<r2 — a\) — E — v\<rif 


and 


E — v 2 g (*3 — **) *= 
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Whence 


and 


E - 


gatvivt 



f zh ~ ^ i<Ti + ya<r8 ) l 

Vi<ri 4“ Va^a 


(17) 


(18) 


If cti may be neglected, E = t>i 0 <r 2 , which is equal to the upward thrust 
due to the buoyancy of the air. 

Three cases arise: 

( 1 ) The bubble and mineral both sink if / is negative, that is, if 

V\(T\ 4* v%<x s > (Vi 4" ^ 2)^2 and L > E 

( 2 ) The bubble and mineral both rise if / is positive, i.e., if 

vi<ti 4" ^ (t>i 4" ^ 2)<72 and L > E 

(3) The bubble and mineral part company if 

L < E 

Yet another contingency may arise. It is possible that disruption of 
the bubble itself may occur in preference to separation of the air-mineral 
contact. Let S be the area of this contact. If Si be the area of the bubble 
at the level where disruption occurs, the work done against the cohesive 
forces is 2SiT w& . If 


2S 1 T wa < S • T wa (l — cos 0 ) 

the bubble will therefore break in preference to separation of air and 
mineral. Practically, this means that the bubble should have a reentrant 
surface and in general is obtained only with bubbles whose contact angle 
exceeds 90°. This explains why only bubbles whose contact angle is 
is above 90° leave a residual small bubble if they are forced by increasing 
size to leave the surface. 

IX. FROTHS AND AIR-MINERAL AGGREGATES 

Regarding the size of the air bubble as infinite, the principles of the 
preceding sections are directly applicable to film flotation, but film flota¬ 
tion is unimportant nowadays. A frothing agent is invariably added to 
promote the formation of a relatively stable froth. A large surface for 
collecting the minerals is thereby provided. 

The physical principles underlying the formation of a froth have been 
clearly defined by Edser ( 10 ), but there is much confusion in the subse- 
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quent literature of flotation. They will be summarized here in so far as 
this is necessary for the development of certain deductions. For froth 
formation it is necessary that the soluble frother should be used in such a 
concentration that there is a finite (positive or negative) rate of change of 
surface tension with respect to concentration. Only when this condition 
is satisfied is there adsorption of the frother in the air-liquid interface, 


but the amount of adsorption is dependent on 



where C is the 


concentration, and TVa is the static surface tension. The dynamic surface 
tension differs less from that of pure water than does the static. Edser 
demonstrates that any sudden strain applied to the surface will displace 
the adsorption equilibrium in such a manner that the surface tension is 
raised; in extreme cases the dynamic value may be reached. The value of 
the restorative force is therefore dependent upon the difference between 
the static and dynamic values of the surface tension. 

Certain observations which do not seem to have been recorded elsewhere, 
though they must surely be familiar to the operators of flotation plants, 
may be explained along similar lines. There is a correlation between the 
size of bubble in and stability of the froth and the concentration of the 
frother. Starting with very dilute solutions the stablest bubbles are 
large; as the concentration of the frother is increased, the average size of 
the relatively stable bubbles becomes smaller, until ultimately (12), no 
stable froth can be obtained when the solution becomes saturated. In 
the most dilute solutions there is probably insufficient adsorption of the 
frother at the surface to prevent coalescence between the bubbles or to 
exert much stabilizing influence on those that are formed; the bubbles 
are large and ephemeral. With more of the frother present coalescence is 
inhibited, for with each coalescence there is a decrease in total area of film 
surface and a consequent additional increase in the concentration of the 
frother in the new bubble. Relatively stable bubbles form and the size 
of these does not vary over very wide limits. Some coalescence still 
occurs, resulting in larger bubbles which collapse on rising to the surface. 
The reason for the empirical rule of Gaudin, Haynes, and Haa* is not clear, 
but it must be connected with the appearance of a film of oil as a discrete 
phase. 


Air-mineral aggregates 

Bartsch (13) has investigated the influence of insoluble oils, of colloidal 
particles, of gangue and sulfide minerals and of soluble salts on the solu¬ 
bility of the froth produced by a soluble frother. This paper is of out¬ 
standing importance with respect to stability of froth systems. It is of an 
empirical nature, however, and some consideration of the theoretical basis 
is desirable. 
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Some of the conclusions of the preceding sections may be applied in the 
study of air-mineral aggregates. It follows, for instance, from the fundar 
mental equation for contact angle, that the contact angles at each of the 
mineral particles armoring a bubble are uninfluenced by the presence of 
the other particles. 6 The shape of the bubble, however, would be deter¬ 
mined by the particles. 

The particles collected by a bubble on its way to the surface slide down¬ 
wards until they receive lateral support from the more or less continuous 
film of particles at the bottom. As the bubble becomes mineralized, each 
particle becomes more and more nearly surrounded by others, but each 
particle makes contact with both air and water. When the bubble reaches 
the froth proper, it meets a shower of particles from collapsed bubbles 
sliding downwards between the bubbles, and many of these are captured. 
Those bubbles which become most completely covered are the most stable. 
If they are not collected when they reach the surface, they, too, collapse. 
The rate of collapse may, however, be exceedingly slow. The slow rate of 
collapse is probably due to prevention of rapid draining by the solid par¬ 
ticles. At the top of the froth, much of the mineral liberated as the bubbles 
collapse is supported by those particles which are still securely bound to 
the froth. Lower down, the bubbles are separated by columns of liquid, 
some of which are thin, and it is at the surfaces between the water columns 
and the air bubbles that the particles ride. Some particles may effect 
contact with two neighboring bubbles of air , but whether this would in¬ 
crease or decrease the stability of the mineralized froth systems, it is 
difficult to decide. 

X. MAXIMUM SIZE OF PARTICLE WHICH WILL FLOAT 

Edser (,10) shows that a very large particle can be floated by “skin 
flotation” at an air-water interface. A disc of large radius is supported 
almost entirely by the hydrostatic pressure of the water, “the surface 
tension serving merely to prevent the liquid from flowing over the disc.” 
a disc must be thin, however, and Edser shows how its thickness may 
be calculated. 

Gaudin, Groh, and Henderson (14) have attempted to calculate the 
maximum size of a galena particle floatable by skin flotation. They have, 
however, neglected the term due to hydrostatic pressure differences. 
They show that the surface tension forces are large enough to float a cube 
of galena with an edge length of 2 mm., but they do not demonstrate that 
sufficient water is displaced to provide sufficient buoyancy, which is of 
course an essential for flotation. Figure 9 of Edser’s paper suggests that 
the buoyancy would be insufficient. 

• If water drains away the particle may ultimately be supported by other particles 
and not by capillary forces; there would be no angle of contact in such a case 
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If applied to flotation by a single bubble, their method is therefore equi¬ 
valent to using the expression 

Fi(o\j — <n)g — 2 tsT w * sin 6 

in place of our equation 10. 7 
When / = 0, 

V\ (or 2 — O i) » Vi(<Ti — <T 2 ) 

and from these equations V 2 can be calculated. However, using the prin¬ 
ciples of the preceding sections, allowance can be made for the differences 
in hydrostatic pressure, and thus a closer approximation to maximum 
floatable size of particle by a submerged bubble may be obtained. It 
should be remembered, however, that the calculation is valid only for a 
particle possessing a large flat surface. This surface must be of sufficient 
extent for the bubble of maximum volume for a given contact angle to fit 
on the surface without touching the edges of the particle. The maximum 
volume of air for a given contact angle may then be determined from figure 
3, and also the corresponding area of contact. The values apply strictly 
only for stationary systems, but they would also be applicable to the limit¬ 
ing case of a particle just so big that the bubble could carry it to the surface 
with an infinitesimally small acceleration. Then if <n may be neglected 
it follows, since / = 0, that 

Vmu = V 2 (<r A - <r 2 ) (19) 

To take a specific case, let us calculate the size of the largest particle of 
galena which could be floated for an angle of contact of 90°. From figure 
3 the maximum value of x is 0.25 cm., i.e., the diameter of the circle of 
contact with the bubble must he 0.5 cm. and its volume, read from figure 
3, is 0.06 cm. 3 (The bigger volumes of figure 3 correspond to bubbles with 
reentrant surfaces, which are of no interest in flotation.) A bubble of this 
size could, by equation 19, float a particle of galena (density 7.5) of volume 
0.06/(7.5 — 1) cm. 3 i.e., 0.0092 cm. 3 The thickness of this particle would 
be not greater than 0.005 cm. 

For an angle of contact of 125°, the maximum value of x is 0.46 and the 
corresponding volume of air is 0.15 cm. 3 This would float a particle of 
galena 0.023 cm. 8 If, however, still keeping 0 at 125° we again make x = 
0.25, V becomes 0.015 cm. 3 and the biggest particle which can be floated is 
but one-quarter the thickness that can be floated for the smaller angle of 
90°. This is because the bubble corresponding to the higher angle is 
the flatter. It is apparent, therefore, in the special case of the flotation of 

7 This approximation is similar to that formerly in use for the estimation of surface 
tension by the drop weight method, but now rendered unnecessary by the use of 
certain tables based upon the equation of Bashforth and Adams. 
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a single particle by a single bubble thal the higher of two possible contact 
angles may not lead to the best flotation. It might be wondered whether 
the observed low collecting power of the higher xanthates may be due, 
in part, to the high angles of contact produced by tin in, but it must be 
borne in mind that amyl xanthate, which is a good collector, leads to an 
angle of contact not far short of the maximum value for xanthates. 

In practical flotation there are several other factors which influence the 
maximum floatable size of particle. Firstly, the air-water interface may 
touch the edges of the particle. The contact angle might then differ 
slightly from that at a plane surface and in any case it no longer deter¬ 
mines the slope of the air-water interface with the vertical. Larger bubbles 
may therefore be attached for a given contact angle, and very small cubes 
of galena may be floated because of this factor alone. Secondly, contact 
with more than one face of the particle may be possible. Thirdly, when 
the bubble is armored by a large number of small particles, it may, for a 
given base of contact and a given contact angle with one particle, have a 
much larger volume than is possible if that particle alone were attached to 
it. It is impossible to evaluate mathematically the significance of these 
factors*and therefore the maximum floatable size of particle in a flotation 
machine cannot be exactly evaluated. Gaudin, Groh, and Henderson 
state that the coarsest galena particles on which reliable flotation was ob¬ 
tained in machines is about 0.4 mm. diameter. 

The writer wishes to express his thanks to Mr. A. B. Cox and Professor 
T. M. Cherry for their help in the preparation of this paper. 
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The equation, 

y - y OD kx K /(l 4- kx K ) 

has been shown to hold for the course of a large variety of natural proc¬ 
esses (1), and it is of interest to find that it also applies to the behavior 
of a gas in its pressure-volume-temperature relations. In the present 
case the equation assumes the form, 

i nr, = kP K /(i + kP K )v a (i) 

where V P denotes the volume at any pressure, P; V m) the ultimate molal 
volume of the gas; and k and K are constants, characteristic of the gas 
considered. 

V is expressed in standard units, i.e., the volume of a mole of gas at 
standard conditions is taken as unity. P is expressed in atmospheres. 
Equation 1 may also be written in the form, 

V a /(V p - vj - kP K (2) 

and, at 1 atmosphere pressure may be written, 

vj(Vt -Vj-k ( 3 ) 

Dividing equation 2 by equation 3, we obtain, 

(Vi - Vj/(V p - Vj = P K (4) 

In testing the constancy of K in equation 4, it was assumed for con¬ 
venience of calculation that at 1 atmosphere pressure Charles' Law is 
obeyed, i.e., Vi = VqT/T 0 , where F 0 = 1 and T 0 = 273°A. V m is given 
by the point of inflection on the curve obtained by plotting on a rather 

1 Read before the Mathematical Association of America, Southern California 
Section, San Diego Teachers College, March, 1932. 
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TABLC 1 


Hydrogen gas 



T - 0°C 

T - 

15 5°C 

j T - 99 1°C 

T - 200 VC 

p 

i/v 

K 

i/v 

K 

MV 

K 

1 /v 

K 

atm 

1 

1 


0 9463 


0 7334 


0 5768 


100 

93 5 

0 999 

88 6 

0 998 

101 6 

0 998 

81 2 

0 999 

150 

136 0 

0 999 

129 0 

0 998 

132 1 

0 997 

106 2 

0 998 

200 

175 7 

0 999 

166 9 

0 998 

161 3 

0 997 

130 2 

0 998 

250 

213 2 

0 999 

202 4 

0 997 

189 2 

0 997 

153 4 

0 998 

300 

248 1 

0 998 

236 5 

0 997 

215 7 

0 997 

175 6 

0 997 

350 

280 9 

0 998 

268 2 

0 997 

241 1 

0 997 

197 0 

0 997 

400 

311 8 

0 997 

298 3 

0 997 

265 5 

0 997 

217 8 

0 997 

450 

340 9 

0 997 

326 6 

0 996 

288 8 

0 996 

237 5 

0 997 

500 

368 6 

0 996 

353 4 

0 996 

311 1 

0 996 

257 0 

0 996 

550 

394 8 

0 996 

378 8 

0 995 

332 7 

0 996 

275 7 

0 996 

600 

318 9 

0 995 

402 9 

0 995 

353 2 

0 995 

293 9 

0 996 

650 

442 7 

0 995 

426 1 

0 994 

373 1 

0 995 

311 4 

0 996 

700 

465 1 

0 994 

447 9 

0 994 

392 0 

0 995 

328 4 

0 996 

750 

487 1 

0 994 

469 3 

0 994 

410 5 

0 994 

344 8 

0 995 

800 

507 6 

0 994 

489 0 

0 993 

428 1 

0 994 

360 8 

0 995 

850 

532 2 

0 995 

509 2 

0 993 

445 6 

0 994 

376 4 

0 995 

900 

544 9 

0 992 

527 5 

0 993 

460 0 

0 993 



950 

563 8 

0 993 

545 8 

0 993 

477 8 

0 993 



1000 

579 7 

0 992 

562 8 

0 993 


1 



1100 

610 9 

0 991 

593 5 

0 992 





1200 

642 0 

0 991 

623 4 

0 991 





1300 

670 7 

0 990 

652 3 

0 991 





1400 

698 3 

0 990 

679 3 

0 991 





1500 

724 6 

0 991 

705 2 

0 991 





1600 

749 3 

0 991 

729 9 

0 991 





1700 

772 5 

0 991 

754 1 

0 992 





1800 

794 9 

0 992 

776 4 

0 992 





1900 

816 3 

0 992 

797 1 

0 993 





2000 

837 2 

0 993 

818 0 

0 993 





2100 

857 3 

0 993 

837 5 

0 994 





2200 

876 4 

0 995 

855 8 

0 994 





2300 

894 5 

0 995 

873 7 

0 994 





2400 

911 1 

0 995 

887 4 

0 994 





2500 

927 6 

0 996 

908 3 

0 996 





2600 

948 2 

0 998 

923 7 

0 997 





2700 

959 7 

0 998 

940 7 

0 998 





2800 

975 8 

0 999 

956 9 

1 000 





2900 


—— 

972 8 

1 001 





3000 



987 6 

1 002 







Av. •=* 

* 

Av. - 


Av. = 


Av. == 

00 

1500 0 

0 994 

1500 0 

0 995 

1500 0 

0 996 

1500 0 

0 997 
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TABLE 3 


Nitrogen gas 


p 

T « 

1 

T =* 10 0°C 

T « W 5°C 

T - m 5°C 


1/K 

K 

i/v 

K 

i/v 

K 

vv 

K 

atm 









1 

1 


0 9446 




-1 


100 

100 9 

1 031 

94 2 

1 026 

103 5 

1 015 

■ 


150 

148 5 

1 040 

138 7 

1 033 

134 3 

1 018 

104 9 

BIB 

200 

192 5 

1 044 

179 5 

1 038 

162 6 

1 015 

127 6 


250 

230 9 

1 047 

216 0 

1 041 

188 6 

1 020 

148 9 


300 

264 1 

1 048 

247 8 

1 041 

212 6 

1 021 



350 

292 9 

1 047 

276 2 

1 041 

234 5 


187 6 

1 010 

400 

318 3 

1 046 

301 0 

1 041 

254 9 

m 

205 1 


450 

340 1 

1 045 

322 8 

1 039 

273 6 


■ 

1 009 

500 

359 7 

1 043 

342 7 

1 038 

291 0 

m 

1 

1 009 

550 

377 1 

1 041 

3oO 4 

1 037 

306 9 

1 019 

251 7 


600 

393 2 

1 039 

376 4 

1 035 

321 7 

1 019 

265 5 


650 

407 8 

1 038 

391 2 

1 034 

335 6 

1 018 

278 6 

1 008 

700 

421 2 

1 036 

404 9 

1 032 

348 3 

1 017 

mm 

1 008 

750 

433 5 

1 035 

417 2 

1 031 

360 4 

1.017 

M 

1 008 

800 

445 0 

‘1 034 

428 8 

1 030 

371 8 

1 016 

314 1 


850 

455 6 

1 032 

439 8 

1 029 

382 3 

1 015 

324 8 


900 

465 3 

1 031 

449 6 

1 028 

392 9 

1 014 

334 8 


950 

474 6 

1 030 

459 1 

1 027 


— 


—— 

1000 

483 3 

1 029 

468 2 

1 026 





1100 

499 1 

1 027 

485 0 

1 024 





1200 

513 9 

1 025 

500 0 

1 023 





1300 

527 3 

1 024 

514 1 

1 022 





1400 

539 7 

1 023 

527 1 

1 021 





1500 

551 4 

1 023 

539 4 

1 021 





1600 

562 3 

1 023 

550 1 

1 021 





1700 

573 1 

1 023 

560 5 

1 021 





1800 

583 3 | 

1 024 

570 8 

1 021 





1900 

592 3 

1 024 

579 9 

1 021 





2000 

601 1 

1 025 

588 6 

1 022 





2100 

609 4 

1 026 

597 0 

1 022 





2200 

617 3 

1 027 

605 0 

1 023 





2300 

624 6 

1 028 

612 7 

1 024 





2400 

631 5 

1 029 

619 8 

1 025 





2500 

637 7 

1 029 

626 6 

1 026 





2600 

643 9 

1 030 

633 3 

1 027 


i 



2700 

649 8 

1 031 

639 4 

1 028 





2800 

655 7 

1 033 

645 4 

1 029 





2900 

665 8 

1 039 

651 0 

1 030 





3000 

667 1 

1 036 

656 8 

1 032 







Av. =* 


Av. = 


Av. » 


Av. — 

00 

800 0 

1 032 

800 0 

1 029 

800 0 

1 018 


1 007 
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1 VHl-1 4 

1 // 



1 T “ 0°C 

T = 

15 1 

'°C 

| i - «yii 

| 1 200 4 t 

p 

1/V 

i k 

\/v 


K 

wv 

K 

i/v 

K 

atm 

1 

1 



0 9453 



0 7*29 


0 5766 


100 

102 8 


1 035 

95 6 


1 029 

71 3 

1 014 

81 4 

1 009 

160 

152 4 


1 044 

141 8 


1 038 

104 8 

1 018 

106 0 

1 010 

200 

198 0 


1 050 

184 3 


1 043 

136 3 

1 020 

129 3 

1 011 

260 

238 3 


1 053 

222 0 


1 045 

165 5 

1 022 

151 0 

1 012 

300 

273 4 


1 054 

255 6 


1 047 

192 5 

1 023 

171 5 

1 012 

360 

303 3 


1 054 

285 7 


1 048 

219 6 

1 024 

190 8 

1 012 

400 

329 4 


1 053 

311 6 


1 047 

240 6 

1 025 

209 0 

1 012 

450 

352 5 


1 052 

334 3 


1 046 

261 6 

1 025 

226 1 

1 012 

500 

373 1 

1 050 

354 4 

1 044 

280 7 

1 024 

242 3 

1 013 

550 

391 7 

; 

l 049 

373 1 

1 043 

298 2 

1 023 

257 5 

1 012 

600 

408 2 

1 i 

[ 047 

390 2 

1 i 

l 042 I 

314 8 

1 023 

272 0 

1 012 

650 

423 2 

1 

045 

405 8 

1 

041 

330 5 

1 023 1 

285 5 

1 012 

700 

437 1 

1 

044 

420 0 

1 

040 

344 8 

1 022 

298 4 

1 012 

760 

449 4 

1 

042 

432 5 

1 

038 

358 4 

1 022 

310 7 

1 012 

800 

461 3 

1 

041 

444 5 

1 

037 

371 2 

1 021 

322 4 

1 012 

860 

472 6 

1 

040 

455 8 

1 

035 

383 3 

1 021 

333 3 

1 011 

900 

482 9 

1 

039 

466 4 

1 

035 

394 2 

1 020 

344 5 

1 011 

950 

492 6 

1 

038 

476 0 

1 

033 

404 4 

1 020 

353 6 

1 010 

1000 

502 0 

1 

037 

485 4 

1 

033 

414 2 

1 019 



1100 

515 7 

1 

033 

502 0 

1 

031 





1200 

531 1 

1 

031 

517 3 

1 

029 





1300 

545 3 

1 

031 

531 9 

1 

028 





1400 

568 2 

1 

030 

545 3 

1 

028 





1600 

570 1 

1 

029 

557 6 

1 

028 





1600 

581 2 

1 

028 

569 2 

1 

027 





1700 

591 5 

1 

029 

579 7 

1 

027 





1800 

601 7 

1 

029 

590 0 

1 

027 





1900 

610 9 

1 

030 

599 5 

1 

028 





2000 

620 0 

1 

030 

608 6 

1 

028 





2100 

628 7 

1 

031 

613 9 

1 

026 





2200 

636 9 

1 

033 

625 8 

1 

030 





2300 

645 0 

1 

034 

633 7 

1 

031 





2400 

652 1 

1 

035 

641 2 

1 

032 





2600 

659 4 

1 

037 

648 5 

1 

033 





2600 

666 7 

1 

039 

655 7 

1 

035 





2700 

673 6 

1 

041 

662 3 

1 

036 





2800 

680 5 

1 

043 

668 9 

1 

038 





2900 

687 3 

1 

046 

675 4 

1 

040 





3000 

694 0 

1 

049 

682 1 

1 

043 







Av. * 


Av. = 


Av. =* 


Av. =» 

00 

822 0 

1 

040 

822 0 

1 

035 

822 0 

1 022 

822 0 

1 012 
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large scale 1/F P against log P, for at this point, kP K = 1. This may be 
verified by taking the second derivative of 1/F with respect to log P, and 



placing the resulting expression equal to zero. Hence, by equation 1, 
1/2F„ = 1/F at inflection, which can be easily located from the perfect 
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symmetry of the curve. Only one curve for each gas is given, since they 
are all of the same general trend and of nearly equal accuracy. V m may 
also be obtained approximately from density measurements of the given 
substance in its solid state near the absolute zero of temperature, since 
V m is practically independent of temperature and pressure. However, 
the inflection point method is preferable, for density measurements at 
extremely low temperatures are not likely to be generally reliable. 

The gases chosen for this study are hydrogen, oxygen, nitrogen and 
air. As the most complete P- V - T data (2) available are those of Amagat, 
ranging from 0°C. to 200°C. and from 1 atmosphere pressure to 3000 
atmospheres pressure, these data were used in the calculation of K . 

RESULTS OF CALCULATIONS 

The data for hydrogen gas are those of tables 4 and 8 of the original 
article cited above; for oxygen gas, of tables 4 and 7; for nitrogen gas, of 
tables 5 and 9; and for air, of tables 5 and 10 


TABLE 5 

Variation of K with the absolute temperature a summary 


T 

HYDROGEN 

OXYGEN 

NITROGEN 

AIR 

273 

0 994 

1 066 

1 032 

1 040 

290 

0 995 

1 058 

1 029 

1 035 

373 

0 996 

1 034 

1 018 

1 022 

473 

0 997 

1 021 

1 007 

1 012 

00 

1 000 

1 000 

1 000 

1 000 


DISCUSSION OF THE CONSTANTS 

The concordance of the constants in each of the sixteen sets of results is 
quite remarkable and justifies the assumption that at 1 atmosphere pres¬ 
sure Charles’ Law is valid. It is also of considerable interest to note that 
with rise in temperature of the gas the constant, K y in every case approaches 
unity (see figure 5) This phenomenon is in accord with the kinetic 
theory of gases, leading to the simple expression, PV = a constant. The 
conditions postulated by the kinetic theory can be fulfilled only at high 
temperature and at moderately low pressure, in which case equation 4, 

(K, - Vj/(V p - Vj - P K 

reduces to PV = a constant, since at high temperatures and low pres¬ 
sures K approaches, in all eases, unity, and V „ becomes negligibly small 
as compared with either V x or V } >. 

It may be noted that K for hydrogen approaches unity from below, 
while in the other cases K approaches unity from above. This phenom- 
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enon is shown on figure 5, where K is plotted to four significant figures 
against the absolute temperature. 

In conclusion, it may be pointed out that equation 4 is an empirical 
one, in that y of the general equation is replaced by l/V without any 
theoretical reason for doing so. The general equation, however, does 
possess a theoretical foundation, since, as will be shown in a subsequent 
paper, it is based upon the law of mathematical probability. Further¬ 
more, equation 4 is not intended either for extrapolation or interpolation 



purposes, for, as stated in the first paragraph of this article, the writer is 
merely endeavoring to show that the equation, 

y = y a kx K /( 1 + kx K ) 

describes the general trend of a vast variety of natural processes in the fields 
of chemistry, physics, botany, biology, bacteriology and sociology, and 
even in practical engineering; for example, the depreciation and the life 
expectancy of physical property. 

REFERENCES 

(1) Linhart: J. Phys. Chem. 36, 1908 (1932). 

(2) Amagat: Ann. china, phys. 29, 68 (1893). Extensive work in this field is con¬ 

templated by Mitchells: Proc. Roy. Soc. London A1930, 127-258. 





COMMUNICATIONS TO THE EDITOR 

THE INITIAL ACT IN AUTO-OXIDATION 

In a recent paper in This Journal (J. Phys. Chem. 37, 209 (1933)), it 
might have been pointed out that the viewpoint of Staudinger and Lauten- 
schlager (Ann. 488,1 (1931)) is not regarded as conflicting with the general 
theory advanced by the writer. When oxygen adds to a C=C bond 
through pairing of the odd electrons of the oxygen molecule with two of the 
electrons from the double bond, it seems reasonable to suppose that, at the 
instant of formation, the excess energy of the peroxide molecule would 
reside in these newly established electron pairs. The above authors 
attempt to represent this energy-rich molecule by an ordinary structural 
formula, showing one of the bonds actually open. 

>C-C< 

I I 

* o 

I 

—o 

In the opinion of the writer, such a structure should be regarded merely 
as an attempt to express in terms of time-honored artifices, a fact which 
does not lend itself to accurate description in these terms. If, for some 
purposes, however, a conventional structure must be assigned, probably 
the one of Staudinger and Lautenschlager is more satisfactory than any 
other. 

H. N. Stkphens. 

School of Chemistry 
University of Minnesota 
Minneapolis, Minnesota 

INDUCED REACTIONS AND THE HIGHER OXIDES OF IRON 
Remabk8 Upon a Papek by D. R. Hale 

Hale (J. Phys. Chem. 33, 1633 (1929)) published in 1929 a study under 
the above title which contains a careful and objective analysis of numerous 
works in this field. Among these Hale has occupied himself with my work 
in this field and has found himself in agreement with my experiments with 
regard to the autoxidation of ferrous iron (Manchot: Z. anorg. Chem. 27, 
420 (1901); Ber. 65 , 98 (1932)). On the other hand, he is of a different 
opinion with regard to the oxidation of ferrous iron by means of hydrogen 
peroxide in presence of potassium iodide as acceptor, in so far as he finds 
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that here not two but three equivalents of free iodine occur per atom of 
iron. 

In his discussion of this difference we hnd on p HmI the following sen¬ 
tence: “Unfortunately, he (Manchot) omitted to state how much ferrous 
iron, or what proportion of ferrous iron to acceptor, was used.” 

This remark is the result of a misunderstanding which was discovered 
in the course of a personal conversation with Mr. Hale, who was so good 
as to visit me in Munich in the summer of 1930 on the occasion of an 
European journey made by him. The work in question (Manchot and 
Lehmann: Ann. 460 , 179 (1928)) contains a definite statement with regard 
to the quantity of iron employed, but only in a very short form, owing to 
the limited space at my disposal in the journal, as it was merely a question 
of confirming and repeating former results. I wrote on p. 185: “Gef. 
z.B. 2,4 bezw. 4,5 ccm, ber. 2,4 bezw. 4,4 1/10 Jod,” where, as is obvious 
from the context, “ber. 2,4 bezw. 4,4 ccm. 1/10 Jdd” is the quantity which 
equals 2 equivalents of iodine to 1 of Fe, so that the quantity of iron used 
in the first experiment was 1.2 cc., and in the second 2.2 cc. of 1/10 ferrous 
sulfate. 

While in this case there was only question of a misunderstanding, I must 
nevertheless state emphatically that I am not in agreement with Hale’s 
results. In this connection a full account of detailed experimental investi¬ 
gations will appear in the Zeitschrift fur anorganische und allgemeine 
Chemie. 


Wilhelm Manchot. 

Anorganisches Laboratorium 
Technische Hochschule 
Mtinchen 
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Catalytic Oxidation of Organic Compounds in the Vapor Phase . By L. F. Marek and 
Dorothy A. Hahn. American Chemical Society Monograph Series, No. 61. 428 
pp New York: The Chemical Catalog Co., Inc., 1932. Price, $9.00. 

The appearance of this volume seems especially timely in view of the increasing 
application of catalysis to the problems of organic chemistry. The broad scope of 
the work is indicated by the chapter headings: Introduction; catalysis; catalytic 
decomposition of alcohols; oxidation of alcohols to aldehydes and acids; reactions 
involved in the synthesis of hydrocarbons and alcohols from water gas; oxidation of 
methanol to formaldehyde; oxidation of gaseous paraffin hydrocarbons; oxidation 
and hydration of olefins and acetylene; oxidation of petroleum oils; production of 
hydrogen from methane; surface combustion; the cause and suppression of knocking 
in internal combustion engines; oxidation of benzene and its derivatives; oxidation 
of naphthalene; oxidation of anthracene and miscellaneous polynuclear compounds; 
apparatus. In the preface the authors state that they believe it best “to consider the 
facts regarding both the developed and undeveloped processes and to review these 
critically in so far as possible. The subject could have been approached from several 
angles, but it was believed that a consideration of the reactions involved and prod¬ 
ucts formed constituted the most satisfactory method of treatment for the present 
purpose.” The reviewer believes that the authors have admirably fulfilled their 
purpose and that this volume will be an important addition to the library of those 
interested in catalytic oxidation. 

In the introductory chapter on catalysis a fairly complete picture is given of the 
current ideas and theories on the subject; however, a more complete discussion of 
the r61e that catalysts play in initiating and breaking chain reactions would have 
strengthened this discussion. The authors have wisely discussed such reactions as 
catalytic decomposition, which are so intimately related to the problem of oxidation. 
The chapter devoted to the cause and suppression of knocking in internal combustion 
engines is one of the best reviews to be found on this important and controversial 
subject. Very complete references are given to the literature as footnotes, including 
numerous references to patents. The usefulness of the book might be improved by 
the addition of an author index. The section on apparatus will be found very useful 
to those entering this important field of industry. It is the opinion of the reviewer 
that this volume is an important and valuable addition to the Monograph Series of 
the American Chemical Society. 

L. H. Reyerson. 

Introduction to Organic Chemistry. By Roger J. Williams. Second edition. 
New York: D. Van Nostrand Co., 1931. 

The revision of this text since the first edition (1927) includes more recent infor¬ 
mation on commercial processes and on certain rapidly developing fields such as 
carbohydrate chemistry. The author is successful in introducing many modern 
concepts at the earliest possible moment, building up a viewpoint which will not 
need to be greatly modified after advanced study. The detail is well chosen, the 
presentation direct, and the scheme always apparent. Although popular as a pre¬ 
medical text, the book is not limited in usefulness to short or special courses. 

P. D. Bartlett. 
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Krietallchemie der anorganischen Verbindungen. (Sammlung chemischer und 
chemisch-technischer Vortrage, Heft 17). By M. C. Neuburger. 25,5 x 16.5 
cm.; 115 pp. Stuttgart: Ferdinand Enke, 1933. Price, RM. 9.70. 

From the very large amount of information which has been made available by the 
methods of x-ray crystal analysis, it has been found possible in recent years to deduce 
a number of laws governing the crystalline structure of inorganic compounds. 
Chiefly owing to the work of V. M. Goldschmidt and L. Pauling, these rules are suffi¬ 
ciently well established to enable the crystalline structure and physical properties of 
a not too complex substance to be predicted with some degree of certainty; there is at 
least one case on record where the experimental verification of such a prediction has 
given results of considerable technical importance. 

Much of Prof. Goldschmidt’s work has not been easily accessible, and Dr. Neu- 
burger’s book should commend itself both to the specialist as a useful summary of 
the present state of the subject, and to the more general reader as a very lucid intro¬ 
duction. Crystal chemistry is defined as that branch of chemistry dealing with 
those mutual interactions of atoms and molecules which lead to the formation of 
numerically unlimited ordered aggregates: its aims are taken to be the prediction of 
the types of crystals which can be formed from given elements, and the determination 
of the relations between the properties of a crystal and the properties of its constit¬ 
uent atoms. 

The problem of atomic and ionic radii is first considered; to a first approximation 
the atoms and ions can be regarded as rigid spheres, so that the structure types can 
be classified according to the ratios of the radii of the ions involved. In the succeed¬ 
ing chapters it is shown how this simple consideration is modified by the influence of 
the charges carried by the ions, by their polarization properties, and other factors. 
Isomorphism, polymorphism, and morphotropism are then discussed; these terms 
have been endued with a new precision since the advent of crystal chemistry as an 
exact science. The following section on chemical binding in crystals will perhaps be 
disappointing to the chemist who is accustomed to differentiate fairly sharply be¬ 
tween electrovalencies, covalencies, and coordinate links; it is apparent throughout 
the book, however, that valency is a subordinate factor in the construction of crys¬ 
tals, and it is very difficult to distinguish between the various linkages merely by 
measurements of interatomic distances It is here that various physical properties 
can very usefully be employed, and in particular the relation between hardness and 
the strength of interatomic bonds is discussed 

As the book is intended as an introduction, many fascinating topics, such as the 
configuration of complex ions and the structure of the silicates, are not considered 
in any detail, but within the limits which the author has set himself the subject is 
treated in a very clear and logical manner. It should be said that actual structures 
are not described; these are adequately dealt with in such publications as the “Struk- 
turbericht” and Wyckoff’s “Structure of Crystals ” The book is practically free 
from misprints; an index would be a useful addition Dr Neuburger is to be con¬ 
gratulated on an attractive presentation of this important subject 

E. G. Cox. 

Die Valenz der Metalle Fe, Co, Ni, Cu und ihre Verbindungen mit Dioxirnen. (The 
Valency of the Metals Fe, Co, Ni, Cu and their compounds with Dioximes.) By 
Erich Thilo. 25.5 x 16.5*cm.; 71 pp. Stuttgart: Ferdinand Enke, 1932. Price, 
M. 6.4. 

This monograph, as its title implies, deals with the metallic complexes of oximes, 
mainly dimethyldioxime (DH 2 ), with some four metals of the first transition series. 
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The author first discusses the valency of the metals iron, cobalt, nickel, copper, and 
then, using the Born-Haber cycle (Kreisprozess), obtains values for the heat of for¬ 
mation for univalent, divalent, and tervalent halides of the foregoing metals. 

After this discussion the dioxime compounds are considered separately. 

Iron . Dimethylglyoxime and ferrous salts give [Fe 2DH] which combines with 
ammonia or pyridine giving [Fe 2DH, 2NH S ] and [Fe 2DH, 2py] respectively. A 
definite compound with ferric iron has not yet been obtained. 

Cobalt, (a) In dry acetone cobaltous chloride and the glyoxime give a blue solu¬ 
tion from which red [Co 2 DII 2 CI 2 I is obtained and this passes into a more stable green 
isomeride. The red and green derivatives are said to be related as cis- and trans¬ 
forms and evidence is adduced in support of this conclusion. The green chloride 
hydrolyzes to [Co 2DH 2 C10H], while the bromide [Co 2DH 2 Br 2 ] with ethylenedia- 
mine gives 

[H/) 2DH 2 Co <>n Co 2DH 2 lI 2 0l!^l 

Uxi 

and with ammonia 

Rr 

[Co 2DH 2 11 2 0 NHs]^ 

Cobalt, (b) Three types of cobaltie salts are recognized: (1) Cobalt in the cation 
[Co 2DH 2A] X, where A = NH*, pv, Jen, and X = Cl, OH, N0 3 , iS0 4 , etc. (2) 
[Co 2DH AX1 where A = NHj, py, acridine, and X = Cl, Br, I, N,, N0 2 , SCN, 
OCN. (3) [Co 2DH 2X] A with cobalt in the anion, where A = H, Na, K, and X » 
Cl, I, N0 2 , and SON. These compounds are obtained by replacement of NII 3 in a 
suitable cobaltammine, e.g., [Co 2DHNH 3 C11 from [Co 5NH 3 C1]C1 2 . 

Nickel. In addition to the well-known [Ni2DH], nickel forms the compound 
[Ni 2DH 2 ]C1 2 which has been prepared in two ways. A number of salts of the type 
[Ni 2DH 2 ]X 2 where X is a univalent radical are described. The foregoing chloride 
easily forms a green hydrate [Ni DH 2 H.OjCb which can be dehydrated; moreover, 
this hydrate decomposes with acetic acid, water, and alcohol in the sense 2[DH 2 Ni 
H 2 0]C1 2 —> [Ni 2DH] + NiCl 2 + 2HC1 -f 2H 2 0. The author then passes to a con¬ 
sideration of the structure of [Ni 2DH1 and various possibilities are discussed. In 
the course of this work the nickel compound of the oxime 

HON—C—C—NCH 3 

i I 

h 3 c cii, 

was made. 

Copper. Apart from the brown [Cu 2DH], copper chloride furnishes the bluish 
green [Cu DH 2 Cl*]. The sulfate [DH 2 Cu S0 4 ] and phosphate [Cu DH 2 (H 2 P0 4 ) 2 ] 
iH 2 0 were also prepared. Water causes hydrolysis of these copper compounds, 

2 [DH 2 Cu X 2 ] r± [Cu 2DH] + CuX 2 + 2HX 

Some metallic compounds of substituted dioximes are discussed, 

HON=C—C=NOH 

I I 

R R' 

where R and R' may be OH, C 6 H 6 , H, CH 3 C 6 H 4 , C«H 6 CO, Cl. The replacement of 
the hydrogen atoms in the oxime group was also considered. The concluding chap¬ 
ter deals with physical data such as heat of formation of the metallic halides, coordi¬ 
nation capacity, heat of dissociation, heat of sublimation, etc. 
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The author has compiled an interesting little book in a rather limited field. It 
should , however, appeal to those interested in the coordination theory. 

G. T. M. and F. H. B. 

Thermionic Vacuum Tubes. By E. V. Appleton. 113 pp. New York: E. P. Dutton 
and Co., Inc., 1932. Price, $1.25. 

This little book, which may be read with pleasure in an evening, might well have 
been called “The Physics of Vacuum Tubes.” Its nine chapters are divided about 
equally between internal action of tubes and applications; but the applications are 
examples of fundamental principles rather than popular use, and include many non- 
radio applications. The book is strictly scientific and yet very readable, with only 
a moderate use of mathematics and few wasted words. 

A. W. Hull. 

Les Problhnes de la Biochimie Moderne. Par G. Florence, Professor & la Faculty 
de MGdecine de l'UniversitS de Lyon, et J. Enselme, Chief des Travaux de Chimie 
& la Faculty de M6decine de Lyon. 16 x 24,5 cm.; 312 pp., 8 fig. Paris: G. Doin 
and Co., 1932. Price, 45 fr. 

The title of this book is somewhat of a misnomer. In place of calling attention to 
some of the major “problems” or “fields of activity” of modern biochemistry, the 
reviewer feels that the authors have instead presented a rather disjointed collection 
of more or less isolated and too brief chapters. 

The book is divided into three major sections which are called “Static Biochemis¬ 
try—The Biochemical Molecules,” “Kinetic Biochemistry—The Agents of Chemical 
Activity,” and “Physiological Chemistry.” Static biochemistry includes chapters 
on the atom, colloids, surface tension, absorption spectrum in the ultra-violet, the 
amino acids, peptides, the constitution of the proteins, the modern view of the prob¬ 
lem of the constitution of the hexoses, the disaccharides, the polysaccharides, the 
sterols, and the nucleic acids. 

The section on kinetic biochemistry includes chapters on homogeneous reactions, 
heterogeneous reactions, pH, the membrane as a chemical agent, glutathione, consti¬ 
tution and mode of action of enzymes, reversability of enzyme action, the chlorophyll 
molecule in syntheses. 

The third section on physiological chemistry includes chapters on fermentation, 
muscle utilization of carbohydrates, the origin of the bile salts and acids, problems 
of immunity, and a concluding philosophical chapter on the place of biochemistry 
as a special science. Two appendices follow: one having to do with biochemical 
nomenclature, following the recommendations of G. Bertrand as presented by him 
to various meetings of the “Conference Internationale de la Chimie” and the other 
a condensed (10 pages) statement of the three laws of thermodynamics. Author and 
subject indices close the volume. 

The authors rightly point out that modern biochemistry requires a knowledge of 
organic chemistry, of physical chemistry, of physics, and of mathematics. Never¬ 
theless, the reviewer does not feel that the brief, sketchy treatment which is accorded 
most of the topics discussed in these chapters is of much value either to the beginner 
or to the expert in biochemistry. The literature is not up to date. Only one refer¬ 
ence to the literature of 193p (none later) was found in the entire volume. Loeb’s 
views of the colloidal behavior of proteins are accepted in their entirety, as is evi¬ 
denced by the statement (p. 38): “The same laws which regulate the combinations 
of crystalloids also direct both qualitatively and quantitatively the chemical reac¬ 
tions of the proteins;” and later, in discussing colloids in general (p. 41), “It seems 
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as though the specific colloidal property resides, for both hydrophobic and hydro¬ 
philic colloids, in the Donnan equilibrium.” (The reviewer only wishes that colloid 
chemistry were as simple as that!) 

The chapters on absorption spectra, the amino acids, proteins, and carbohydrates 
present fairly good statements of certain phases of the knowledge in these fields up 
to 1927 or 1928. The sterols are allowed six pages of text. The last citation is to 
1929 literature. The last citation to work by Windaus is to a paper which appeared 
in 1913! No mention is made of ergosterol and vitamin D which is formed from 
ergosterol by ultra-violet radiation! But the experiments of d’Hugounenq, whereby 
sterols, following exposure to the air and light or to ultra-violet radiation, acquired 
the property of affecting the photographic plate, are given at length in spite of 
the fact that the weight of later evidence seems to be against such acquired photo¬ 
activity. 

Glutathione is given an entire chapter. The last reference is to literature of 1927. 
It is discussed as a dipeptide, although it was shown to be a tripeptide in 1929. (A 
footnote on p. 209 states, “The recent notes tend to show that it is a tripeptide.”) 

The bile pigments and hemin again occupy a separate chapter. The last reference 
is to 1928 literature. Only a single paper by Windaus (1919) is referred to and only 
one by Hans Fischer (1914!), in spite of the fact that Nobel prizes were awarded both 
Fischer and Windaus for work in this and related fields. 

In the chapter on muscle biochemistry the glucose <=± lactic acid theory of muscle 
energy is elaborated upon. The last reference is to 1928 literature. Since that time 
this theory has been completely overthrown and replaced by the phosphagen concept, 
regarding which nb mention is made in the present volume. Rather interestingly, 
A. V. Hill is not even mentioned in connection with muscle biochemistry! Of what 
avail is a Nobel prize? 

The authors state that problems of immunity involve only proteim in some par¬ 
ticular colloidal state. They state that mineral colloids, fats, or carbohydrates do 
not form precipitins or give rise to specific antibodies; nevertheless it was demon¬ 
strated as early as 1926 that certain polysaccharides of bacterial origin are immuno- 
logically specific and that the specificity is of high order. 

The authors do not appear to be well acquainted with English or American litera¬ 
ture. The names of English and American scientists are frequently misspelled, e.g. t 
Dunds for Dennis, Clarck for Clark, Chieck for Chick, Mendell for Mendel, etc. 
No mention is made of vitamins, hormones, uronic acids, and many other groups of 
compounds which involve problems of modern biochemistry. There seems to be 
little justification for the publication in late 1932 of material obviously collected at a 
considerably earlier date (presumably used as a basis for a course of lectures in 1929- 
300 and covering a field which is changing as rapidly as is modern biochemistry. 

Ross Aiken Gortnbr. 
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INTRODUCTION 

Paneth (1) in his Baker Lectures has shown how, with the development 
of the knowledge of the chemistry of the socalled radioelements, there has 
come about an increasing use of these elements in studying some of the 
well-known chemical problems. Fajans (2), Paneth (3), and Hahn (4) 1 have 
made use of these radioelements in studies of the causes and mechanism of 
adsorption from solution. The phenomenon of adsorption is one of the 
most studied of*chemical problems and the chemical literature is full of 
observations of the adsorption of many adsorbed substances by numerous 
adsorbents. A great deal of this work on adsorption has been carried out 
with difficultly defined adsorbents and with more or less complex adsorbed 
substances. Although these studies give valuable data because they re¬ 
cord observations of common chemical systems a3 they actually exist, yet 
the number of variables involved makes the interpretation of the data in 
simple terms very difficult. The work of Fajans and others has reduced 
the study of adsorption to a simple system, that of a salt-like crystal as 
adsorbent and a single simple ion as the adsorbed substance. Because 
methods of analysis limit the accuracy of a quantitative study of the amount 
of ions removed by an adsorbent, these workers have made use of the elec¬ 
troscope for measuring quantitatively the number of radioactive ions which 
have been removed from solution. By use of this method it has been pos¬ 
sible to measure on a rather small surface of a crystal adsorbent not only 
the amount of radioactive ions which have been removed from solution but 
also indirectly (using the radioactive ions as indicators) the amount of the 
ions of some of the common elements and of radicals which could not be 
detected in micro quantities by the ordinary methods of analysis. 

From the results of the experiments just referred to, Fajans, Paneth, and 
Hahn have formulated rules for adsorption from solution. (For a state- 

i In references 1 to 4 are to be found most of the references to work which has been 
done in the field of the articles to be presented. 
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ment and discussion of these rules see reference 2.) In these rules there is 
shown a relation between adsorption and mixed crystal formation, adsorp¬ 
tion and solubility (see also Taylor and Beekley (5)) and more recently (by 
Fajans in his expanded rule) adsorption and weakness of dissociation of 
the compound formed by the adsorbed ion and the oppositely charged ion 
of the adsorbent. 

It is the purpose of this series of three papers to report work which was 
started under the direction of Professor Fajans 2 in his laboratory in Munich 
and continued here in this laboratory, giving results which add additional 
information to the subject of the cause and mechanism of the adsorption 
of ions from solution. This first paper is to deal in general with the 
special technique used in all the work and to take up some of the sources of 
error in measurements in which the thorium B and thorium C equilibrium 
is concerned. The second paper will report results of the adsorption of 
thorium B ions on thallium bromide and iodide and the influence of dif¬ 
ferent ions in the solution on this adsorption. The third paper will be 
concerned with the adsorption of thorium B ions on silver bromide from 
solutions of varying concentrations of different bromides. 

Thorium B, an isotope of lead, is a desirable ion for use in a study of 
the adsorption of ions on insoluble halide crystals because:— 

1. Its half-life of 10.6 hours permits it to be used in an adsorption experi¬ 
ment and then easily determined by the electroscopic method. 

2. It can be very easily obtained from the emanation from a sample of 
radiothorium. 

3. Its halides are insoluble. 

For this work a 0-ray electroscope was used. 3 Since the beta particles 
emitted from thorium B are so slow that 99 per cent of them can be absorbed 
by 0.4 mm. of aluminum (6), they cannot conveniently be used for deter¬ 
mining the amount of thorium B present. From the disintegration table 
(7) it can be seen that from the successive disintegration products of tho¬ 
rium B, there are two, thorium C and thorium Ci, which emit alpha particles 
and two, thorium C and thorium C 2 , which emit beta particles. When 
radioactive equilibrium has been established, the activity due to thorium 
C 2 is about 5 per cent of the total activity and its half-life is short enough 
to bring it to equilibrium quickly. The thorium Ci comes into equilib- 

* The senior author of this article (and of two to follow) takes this opportunity to 
express his gratitude to Professor Dr. K. Fajans, Director of the Institute for Physi¬ 
cal Chemistry of the University of Munich, for his suggestions and his kind help and 
consideration in preparing the material for these papers, not only in his own private 
laboratory in Munich in 1928, but also while he was Baker Professor of Chemistry in 
Cornell University in 1^30 and twice visited this laboratory. 

* This electroscope was of design similar to that described in Ostwald-Luther’s 
Physiko-Chemische Messungen, 4th ed., chap. 21. 
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rium instantaneously with thorium C and need not be considered as 
separate from it. By either alpha or beta particle measurements, then, 
the whole activity may be considered to be that of thorium C. 

From the relations given by Rutherford can be constructed (1) the ac¬ 
tivity curve for thorium B alone; (2) the activity curve for thorium B if 
thorium B and thorium C were in equilibrium with a constant source of 
thorium B and that source were removed; (3) the activity curve of thorium 
B if thorium B were pure at zero time and the equilibrium between thorium 
B and thorium C were then reached. 

It can be calculated, or roughly seen from the curves, that after eight 
hours the course of the three curves is the same to better than 1 per cent 
and that after ten hours to better than 0.2 per cent. Any measurement, 
whether of alpha or beta particle activity after these periods of time, will 
indicate the amount of thorium B present to the accuracy mentioned. The 
measurements in the present work were made on an equilibrium mixture 
of thorium B and thorium C. Since with thorium B we are dealing with 
a lead isotope and with thorium C with a bismuth isotope, consideration 
will have to be given to the chemistry of these common elements. The 
adsorption experiments were conducted on thorium B ions, but the dis¬ 
integration product, thorium C, was used to determine the amount of 
thorium B present. In handling the radioactive solutions, therefore, at¬ 
tention had to be given to all conditions which disturbed an equilibrium 
mixture of thorium B and thorium C ions. This first paper is to consider 
factors involved in the preparation and handling of the radioactive solu¬ 
tions for the subsequent adsorption measurements. 

I. THE COLLECTION OF THORIUM B 

The source of active material for the measurements, which extended 
over a period of three years, was a sample of radiothorium of about 3 milli¬ 
gram equivalence, kindly furnished us by the Welsbach Company; later to 
this was added another sample of 1.5 milligram equivalence procured from 
the University of Missouri. The emanation from this radiothorium was 
collected on platinum loops in the collector shown in figure 1. The scale 
gives the sizes of the different parts. 

This collector was connected through a water resistance to a 125- or a 
300-volt battery. Assuming the radiothorium is in equilibrium with 
thorium X and assuming that all the thorium A from the decomposi¬ 
tion of the thorium emanation is deposited on the loops, the time for 
thorium B on the loops to reach equilibrium can be calculated from the 
decay constants. Sixty-four hours is the time required to deposit 98.4 
per cent of the equilibrium amount. 
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II. THE PREPARATION OF RADIOACTIVE SOLUTIONS 

The active deposit was dissolved off the platinum loops with nitric acid. 
A study was made of the rate of solution of this active deposit in 1 N, 0.2 N 
and 0.1 N nitric acid. From this study it was found that standing in 0.2 
N nitric acid at room temperature for from five to ten minutes was sufficient 
to dissolve off most of the active deposit. Since the acidity of the radio¬ 
active solution had to be controlled, the amount of 0.2 N nitric acid used 
depended on the subsequent use which was made of the solution; this 



Fig. 1. Emanation Collector 

A, platinum loops; B, heavy brass cylinder; C, lead dish containing radiothorium 
preparation (the oxide or hydroxide); D, removable wood top; E, aluminum foil cut 
away around the binding post; F, brass base. 

will be described later. This nitric acid solution was then transferred to 
a 100-cc. volumetric flask and made up to volume with distilled water. 
In order to be sure that the solution as prepared had the desired amount 
of activity, a 1-cc. sample was pipetted (after rinsing the pipette several 
times with the solution) on a watch glass and evaporated to dryness. The 
activity of this sample was measured by use of the beta ray electroscope 
and the remaining solution was then diluted with nitric acid of the same 
concentration to give the desired activity. 



I. ADSORPTION OF THORIUM B AND C FROM SOLUTION 


667 


The electroscope 

The beta ray electroscope used was purchased through Bender and Ho- 
bein of Munich. 3 An important aid in the measurements was an eyepiece 
scale consisting of vertical lines bisected by a horizontal line. The gold 
leaf could then be timed as it passed an intersection. All samples measured 
were in the form of thin salt layers on 6-cm. watch glasses of slight concavity 
and of uniform thickness. A special watch holder and guide held the 
sample in the same position under the aluminum window so that repro¬ 
ducible results were possible It was found that the aluminum window 
(which was 0.07 mm. in thickness) needed to be larger than the watch glasses 
used because of the effect of the scattering of the beta particles. The scale 
of the electroscope was calibrated against the constant activity of a radio¬ 
active preparation. The natural fall of the electroscope was measured each 
day and this correction was made on the observed fall. To eliminate the 
“soaking in effect“ of the insulation of the gold leaf system (an amber bead), 
which gives the gold leaf an abnormal natural fall after it has stood in a 
discharged condition for some time, the electroscope was charged up about 
an hour before using. The possible error due to this effect is illustrated 
by the following ^measurements: 


Time elapsed, since the 
electroscope was charged 

10 minutes 
34 minutes 
1 hour, 3 minutes 
1 hour, 43 minutes 


Natural fall of the 
gold leaf in scale 
divisions per minute 

0 71 
0 63 
0 61 
0 50 


The activities of all the samples of a set of measurements were calcu¬ 
lated according to the disintegration formula back to the time of measure¬ 
ment of the first sample measured, to- 


The acidity of the solutions 

It has been observed that the acidity of the solutions plays an im¬ 
portant part in the reproducibility of results in adsorbing radioactive ions 
on various materials. By controlling the acidity, the thorium B solutions 
could be diluted to any desired activity. For instance, two solutions of 
different activity were prepared and then the solution of higher activity 
was diluted with the calculated amount of acid to give the activity of the 
solution of lower activity. The measurements on both solutions are as 
follows:— 
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A. Samples of solution of lower activity 

B Samples from the solution of higher activity 
after it had been diluted with the calculated 
amount of acid 

In another experiment 10 cc. of a solution which had an activity of 68.6 
scale divisions per minute (when evaporated on a watch glass) was divided 
into two parts, and then 5 cc. of the solution was diluted with 5 cc. of acid. 
This 10 cc. when evaporated to dryness had an activity of 34.5 scale divi¬ 
sions per minute (calculated activity would be 34.3). 

It was noted at the beginning of the measurements that there was an 
apparent adsorption of the radioactive material on the walls of the flasks and 
pipettes used in the measurements. It is known that glass is negatively 
charged against a neutral solution and that this negative charge decreases 
with increasing acidity of the solution. If the adsorption of the ions is due 
to the charge on the glass, this adsorption should decrease with increasing 
acidity of the solution. 

A series of glass bottles containing an equal number of glass beads were 
prepared. Into each was pipetted 10 cc. of a radioactive solution and 
varying amounts of nitnc acid and water to bring the total volume up to 
25 cc. These bottles were then shaken and 10 cc. of the equilibrium solu¬ 
tion was then withdrawn and evaporated to dryness on a watch glass; the 
activities of the deposits on the watch glasses were immediately measured. 
These activities were compared with the activity of the original solution 


and the per cent adsorption was computed. 

The data follows. 

Per cent 


Normality of acid 

adsorption 

1 

0 004 

66 4 

2 

0 004 

64 7 

3 

0 044 

61 8 

4 

0 044 

61 6 

5 

. 0 084 

60 6 

6 

0 084 

61 2 

7 

0 125 

58 6 

8 

0 125 

59 2 


The same series of experiments was carried out except that the activity 
measurements were made after the watch glasses had stood overnight (i.e., 
more than eight hours). 


Scale dtvtetons 
per minute 

1 .... 106 

2 . .106 

3 . . 107 

1 111 

2 108 



I. ADSORPTION OF THORIUM B AND C FROM SOLUTION 


669 


Original solution 

Activity to to in 
scale di vt stone per 
minute 

33 1 

Original solution 

32 6 

Normality of acid 

0 0016 

31 4 

0 0097 

33 3 

0 0097 

32 4 

0 0179 

33 4 

0 0179 

32 7 

0 042 

32 4 

0 042 

33 4 

0 082 

34 3 

0 082 

33 2 

0 205 

34 4 

0 205 

34 5 

0 408 

34 8 

0 408 

34 7 

0 61 

32 4 

0 61 

32 8 


These two different senes of experiments indicate that there is a selective 
adsorption of thonum C on the walls of the glass vessels and that the 
increase of acidity decreases this adsorption. In the case of any adsorption 
of thorium B, the increase of acidity m this experiment did not change the 
adsorption. 

The results of a third series of experiments are given in figure 2. In this 
series of measurements the activity of the watch glasses was followed over a 
period of time. Curve A represents the activity of a solution pipetted out 
30 minutes after t 0 and curve B represents the activity of the same solution 
from a sample pipetted out 3J hours after t 0 . Curve C represents the activ¬ 
ity of the same solution after it had been shaken for 70 minutes in a soft 
glass bottle with glass beads and pipetted out 3J hours after t 0 . The final 
observations are given in table 1. From this data it is obvious that 
thorium B is not adsorbed by the glass. The normality of the acid used 
in this series of measurements was 0.0016. Comparing these curves with 
the theoretical ones (see page 665), it can be seen that there must have 
been a partial adsorption of thorium C on the walls of the pipettes and 
on the walls of the bottles. 
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Fig 2 Adsorption of Thorium C on Glass 


TABLE 1 


SOLUTION A 

SOLUTION B 

SOLUTION C 

TIMP 

ACTIVITY 

TIME 

ACTIVITY 

TIME 

ACTIVI1Y 

hours 

scale dtvtstons 

hours 

scale divisions 

hours 

scale divisions 


per minute 


per minute 


per minute 

3 02 

306 





3 37 

306 





3 68 

303 

3 53 

288 

3 65 

236 

4 33 

292 

4 37 

288 

4 38 

257 

4 63 

288 

4 67 

286 

4 68 

259 

4 88 

283 

4 92 

278 

4 95 

260 

6 17 

278 

5 18 

278 

5 22 

260 

5 38 

276 

5 42 

270 

5,43 

260 

5 75 

273 

5 77 

273 

5 78 

259 

5 08 

273 

6 00 

268 

6 03 

260 

6 28 

263 

6 30 

268 

6 35 

257 

8 17 

231 

8 18 

234 

8 20 

236 

8 47 

231 

8 48 

232 

8 52 

230 

9 55 

214 

9 58 

218 

9 62 

218 

0 95 

210 

9 98 

212 

10 02 

212 

10 32 

207 

' 10 35 

210 

10 35 

208 

10 65 

202 

10 68 

204 

10 72 

204 

11 10 

196 

11 15 

197 

11 18 

198 
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Another experiment was carried out to determine the selective adsorption 
of glass for thorium C. A sample of 10 cc. of an active solution was al¬ 
lowed to stand on a clean watch glass for 20 minutes. The glass was then 
rinsed with distilled water, drained, and dried on a steam bath. The 
decay curve for the residue on the watch glass was then determined as 
accurately as the weakness of the activity of the residue would permit. 
The times and the log* of the activities are given in table 2. These data 
are plotted in figure 3. The solid line is the theoretical decay curve for 
thorium C. 

Thus it has been shown that in the handling of the radioactive solutions 
there is a selective adsorption of thorium C by the glass walls of the vessels 
used and that this adsorption is affected by the acidity of the solution. 

Herta Leng (8) has made a study of the adsorption of thorium B and 
thorium C on filter paper, dialyzing tubes, different kinds of glass, and 
paraffin. We plotted a number of her results showing the relation between 

TABLE 2 


TIM* 

1 Or ACTIVITY 

hoVTH 


50 

1 55 

70 

1 43 

93 

1 35 

1 10 

1 24 

1 53 

1 01 

1 78 

85 

2 17 

73 

2 43 

53 


hydrogen-ion concentration and the amounts of thorium B and thorium C 
adsorbed on different kinds of glass. The results from these curves show:— 

I. For thorium C (isotope of bismuth): (1) there is a maximum ad¬ 
sorption at a pH of from 5 to 7; (2) the adsorption drops off rapidly 
around a pH of from 2 to 3. 

II. For thorium B (isotope of lead): (1) there is a maximum adsorp¬ 
tion at a pH of about 9 to 10; (2) there is a sharp dropping-off of 
adsorption at a pH of about 7 to 8. 

It has been suggested by a number of workers that thorium B, an isotope 
of lead, and thorium C, an isotope of bismuth, exist in solution both in (he 
ionic and in the colloidal condition and that the equilibrium is determined 
by the hydrogen-ion concentration. It is easy to understand that the 
colloidal form of thorium C, bismuth oxysalt, could occur in a more 
acid solution than the colloidal form of thorium B, some basic salt of lead. 
Thus the effect of the acidity on the amount of adsorption would be caused 
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by a change in (1) the charge on the glass and its attraction for a tri- 
valent and a bivalent ion, and (2) the nature of the radioactive material 
in solution. 

Hahn (9) calls attention to the colloidal nature of lead, thorium B, and 
bismuth, thorium C, in slightly acid solutions. According to the adsorption 
rule thallium (thorium C 2 ) would be more strongly adsorbed on silver 
bromide than lead and lead more than bismuth. In slightly acid solutions 



Fig. 3. Decay Curve for Thorium C 


this adsorption is just the reverse, Bi > Pb > Tl. In neutral solution this 
difference is more pronounced. He explains this by the supposition that 
in slightly acid solution bismuth and lead do not exist as ions but as so-called 
“radiocolloids.” These radiocolloids may consist of particles of dust, de¬ 
composition particles of glass, etc., which have adsorbed the products of 
hydrolysis of bismuth and lead salts and behave as true colloidal particles 
of bismuth (thorium C) and lead (thorium B). Hahn suggests that thorium 
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B can be obtained in colloidal form or ionic form depending on the concen¬ 
tration of the acid used to dissolve it from the wire of the collector and also 
depending on the way that the solution is handled or diluted before adsorp¬ 
tion is allowed to take place. He gives a series of experiments to show the 
possibility of the handling effect and suggests that this phenomenon 
warrants detailed study. The adsorption experiments take place in con¬ 
centrations less than are usually considered necessary to exceed the solu¬ 
bility product of the salts concerned. The amount of adsorption would, 
in the case of these radiocolloids or pseudocolloids, depend on the number 
of ions in one of the particles of hydrolysis and the charge on the colloidal 
dust on glass decomposition particles. All of this would be a function of 
the hydrogen-ion concentration. The pseudocolloidal form of these two 
radioactive elements best explains the selective adsorption of thorium C, 
for it is not easy to explain this selective adsorption as due to the attraction 
of the negatively charged glass walls for the trivalent thorium C ion in 
preference to the divalent thorium B ion. Hahn was able to remove on 
a glass container the greater portion of the activity due to thorium B and 
thorium C by evaporating an active solution to dryness and then treating 
the residue with water. 

In the following work on the adsorption of thorium B on the halides of 
silver and thallium, this effect was controlled by using sufficiently acid solu¬ 
tions to reduce this anomalous adsorption to a minimum. 

SUMMARY 

1. The technique used in the preparation and handling of the radioactive 
solutions used in the measurements in the two papers that are to follow has 
been described. 

2. A study has been made of the selective adsorption of thorium C from 
a solution containing thorium B and thorium C on the walls of the glass 
vessels used in the work and the effect of the acidity of the solutions on this 
adsorption. 
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The question of the existence or non-existence of acid soaps, analogous 
to the well-known acid sodium and potassium formates and acetates, has 
been in debate for the last one hundred and ten years (1). The latest 
authority (2) reviewing the subject concludes that they do not exist. 

It is easy to obtain materials which have an empirical composition show¬ 
ing a simple integral ratio between soap and fatty acid, as, for example, 
by taking the pediment from a sufficiently dilute aqueous solution, or by 
mixing the components in the required proportion and crystallizing them 
out again together; but most writers have not found it necessary to apply 
the ordinary thermodynamic criteria for the existence of definite chemical 
compounds. Hence these materials are often regarded as mixtures, 
whether isomorphous or heterogeneous, or as “sorption compounds,” es¬ 
pecially since Donnan and White by extrapolation of their actual observa¬ 
tions concluded that “the separation of the acid salt NaPa,HPa is ex¬ 
tremely doubtful, although this composition has not been covered by the 
experimental data.” 

McBain and Stewart were the first to provide some proof that an acid 
soap KOI,HOI is a chemical entity, in that its composition does not vary 
when that of the mother liquor from which it is crystallized is altered over a 
fairly wide range. Many acid soaps have been prepared in beautifully 
crystalline form; their x-ray examination has been described by Piper. 
A series of phase rule diagrams was worked out at the University of Bristol, 
En glan d, in the years 1925-1927 and this is the first installment of the re¬ 
sults then obtained. They are conclusive with regard to the existence 
and constancy of composition of acid soaps as chemical compounds. 

The acid soaps are important because they, and not the free fatty acids 
(which are too strongly dissociated), are the common products of hydroly¬ 
sis in aqueous solution. In non-aqueous solvents they are far more soluble 
than ordinary soaps. 
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EXPERIMENTAL 

Materials 

Laurie acid (referred to as HL), Kahlbaum, melted at 44°C. Potas¬ 
sium laurate (referred to as KL), specially prepared by Kahlbaum, was 
the same as that used by McBain and Field (3). 

The systems were prepared in thick-walled Duro glass tubes about 21 
cm. in length and about 1.5 cm. in diameter, which were sealed after weigh¬ 
ing the two components into them. They were then heated to whatever 
temperature was necessary to transform the contents into a single, homo¬ 
geneous phase. Up to 180°C. this was done in a glycerol bath, and up to 
400°C. in an electric oven made by winding nichrome wire around a hollow 
cylinder of sheet asbestos with two transparent mica windows. A ther¬ 
mometer was kept touching the side of the soap tube, and heating and cool¬ 
ing were carried out very slowly. Stirring was effected by slowly shaking 
the oven as a whole, avoiding the formation of air bubbles. Carefully 
standardized thermometers were used throughout the investigation. On 
cooling these systems down to room temperature, the separation of solid 
crystals took place in every case from the pure fatty acid up to a concen¬ 
tration of approximately 75 per cent KL, 25 per cent HL; systems contain¬ 
ing more potassium laurate than this gave rise, on cooling the isotropic 
liquid, to anisotropic liquid crystals; on further cooling, these were fol¬ 
lowed at a somewhat lower temperature by solid crystals. 

Method of visual observation 

In every case the temperature, T , at which the last trace of solid crystal 
disappears upon very slow heating to give either an anisotropic or iso¬ 
tropic liquid, was observed. The results obtained in this manner were 
quite reproducible up to a concentration of 75 per cent KL but above this, 
owing to the cloudy nature of the liquid crystals formed, there was some 
doubt as to the exact temperature when the last trace of solid crystalline 
matter disappeared, and no satisfactory results could be obtained in this 
manner. 

The upper boundary, 2\, between the liquid crystalline phase and the 
isotropic solution phase was obtained by cooling the homogeneous isotropic 
solution until it just went turbid; this denotes the presence of a second 
phase, which in this case was anisotropic liquid crystals. No supersatura¬ 
tion was observed to occur in the separation of the liquid crystalline phase; 
this is in harmony with the previous phase rule studies involving the separa¬ 
tion of the anisotropic liquid (mesomorphous) state. 

It will therefore be noted that from the mode in which T e and 7\, re¬ 
spectively, art observed they are free from distortion due to possible su¬ 
persaturation or undercooling and that they, therefore, constitute accu¬ 
rately determined points on the respective phase equilibrium boundaries. 
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TABLE 1 

Visual observations of the temperature T e at which the last trace of solid crystal dis¬ 
appears on heating , and of 7\, the first temperature at which the homogeneous isotropic 
liquid becomes turbid or inhomogeneous on cooling 


MOLE FRACTIONS 

• 


Ti 

KL 

HL 

DFSCRIPTION AT ROOM TEMPERATURE 

T e 


1 0000 

White, waxy, crystalline mass 

44 0 


0 0106 

0 9894 

White, waxy, crystalline mass 

43 7 


0 0291 

0 9709 

White, waxy, crystalline mass 

43 3 


0 0403 

0 9517 

White, waxy, crystalline mass 

42 7 


0 070Q 

0 9300 

Coarse, white, crystalline mass 

41 0 


0 0919 

0 9081 

White, crystalline mass 

43 5 


0 1330 

0.8670 

White, crystalline mass 

52 6 


0 1663 

0 8337 

White, crystalline mass 

57 0 


0 1972 

0 8028 

White, crystalline mass 

63 9 


0 2266 

0 7734 

White, crystalline mass with traces of 
rod or needle acid soap crystals 

69 0 


0 2269 

0 7731 

White, crystalline mass with traces of 
rod or needle acid soap crystals 

69 2 


0 2492 

0 7508 

White, crystalline mass with traces of 
rod or needle acid soap crystals 

74 3 


0 2818 

0 7188 

White, crystalline mass with traces of 
rod or needle acid soap crystals 

80 0 


0 3310 

0 6690 

White, crystalline mass with traces of 
rod or needle acid soap crystals 

85 5 


0 3604 

0 6396 

White, crystalline mass with traces of 
rod or needle acid soap crystals 

89 7 


0 3977 | 

0 6023 

Yellowish white, crystalline masj with 
traces of rod or needle acid soap crys¬ 
tals 

93 0 


0 4123 

0 5877 

Yellowish white, crystalline mass with 
traces of rod or needle acid soap crys¬ 
tals 

107 1 


0 4203 

0 5797 

Straw-colored crystalline mass con¬ 
taining bunches of needle acid soap 
crystals radiating from a central nu¬ 
cleus 

115 0 


0 4392 

0 5608 

Straw-colored crystalline mass con¬ 
taining bunches of needle acid soap 
crystals radiating from a central nu¬ 
cleus 

125 0 


0 4655 

0 5345 

Straw-colored crystalline mass con¬ 
taining bunches of needle acid soap 
crystals radiating from a central nu¬ 
cleus 

144 7 


0 4951 

0 5049 

Straw-colored crystalline mass con¬ 
taining bunches of needle acid soap 
crystals radiating from a central nu¬ 
cleus 

160 0 
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TABLE 1 —Concluded 


KOLB FRACTIONS 


T 

T 

KL 

HL 


1 0 

• % 

0 5386 

0 4614 

Straw-colored, powdery mass 

185.0 


0 5694 

0 4306 

Straw-colored, powdery mass 

200 5 


0 6170 

0 3830 

Straw-colored, powdery mass 

211 5 


0 6419 

0 3581 

Straw-colored, powdery mass 

217 5 


0 6658 

0 3342 

Straw-colored, powdery mass 

226 0 


0.7155 

0 2845 

Straw-colored, powdery mass 

235 5 


0 7515 

0 2485 

Straw-colored, powdery mass 

? 

259 5 

0 7987 

0 2013 

Straw-colored, powdery mass 

? 


0 8569 

0 1431 

White, powdery mass 

? 

358 0 

0 9234 

0 0766 

White, powdery mass 

? 

■SSI 

1 0000 

0 0000 

White, powdery mass 

264 0 

mm 


Results of visual observation 

Table 1 describes the results that have been obtained in this manner, 
many of which have been checked by dilatometer observations (to be 
described later) and by microscope examination in the small stage furnace 
(also to be described later). The visual method proved quite satisfactory, 
giving reproducible results except near the lower eutectic, where either 
of the other two methods was more efficient. 


The complete equilibrium diagram 

Figure 1 is the complete phase rule diagram for the anhydrous two- 
component system, containing all the observations of table 1 together with 
those by the methods to be described in the sequel. The heterogeneous 
fields are marked by lightly drawn horizontal “tie lines” whose ends repre¬ 
sent the phases in the mixture. The heavier horizontal lines mark the 
eutectic temperature, the transition temperature, and the lowest tempera¬ 
ture at which the liquid crystalline soap phase appears. 

First it will be seen that the isotropic liquid phase is completely delimited 
by the observations T e and 7\. It embraces the upper half of the diagram 
above the melting points of the pure components. The melting point of 
lauric acid is lowered progressively to 40°C., the eutectic point, by addition 
of potassium laurate. The boundary of the liquid then rises to the transi¬ 
tion point, 91.3°C. At all temperatures below 91.3°C. crystalline acid 
soap KL,HL separates as pure crystals either alone as in field A, or in 
heterogeneous mixture with crystalline KL on the left side of the diagram in 
field B, or in heterogeneous mixture with crystalline HL as in the field 
C. We shall see that there is no evidence for solid solutions or isomorphous 
mixtures. 
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Fig. 1. The System Potassium Laurate-Lauric Acid 
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At 91.3°C., KL,HL exhibits a transition point, as shown also by the 
break in the boundary of the isotropic liquid, and breaks up completely 
into a mixture of that liquid with solid KL in field D. This transforma¬ 
tion of KL,HL into liquid containing suspended KL is clearly visible. 
Therefore, no acid soap exists above 91.3°C. and the only one below 91.3°C. 
is KL,HL. 

Another break in the isotropic liquid boundary is exhibited at 240°C., 
and inspection of the system shows that this is due to the appearance of 
the conic anisotropic liquid soap in field E. Whilst the boundaries of the 
isotropic liquid are exactly delimited even at the highest temperatures up 
to and including the final melting point, 376.0°C., of anhydrous liquid 
crystalline KL, the exact boundaries of field E have not been fixed. Above 
376°C., KL and HL are completely miscible liquids. 

The non-existence of isomorphous mixture and the existence of KL,HL 

The extensively quoted and commonly accepted work of Donnan and 
White upon the anhydrous two-component system sodium palmitate- 
palmitic acid, alike through their imperfect method of separating liquid 
from solid phases and through their interpretation, has led to completely 
erroneous conclusions, not merely as to the position of some of the bound¬ 
aries in the fragment of the diagram they chose for study, but also as to 
the very existence of isomorphous mixtures and of acid soaps themselves. 
The portion of the isotropic liquid boundary which they studied was, of 
course, correctly observed. 

It therefore became necessary to scrutinize much more sharply the phase 
rule diagram just described and to obtain independent decisive evidence as 
to the truth of the interpretation given. Another communication will 
contain the complete phase rule diagram for anhydrous sodium palmitate- 
palmitic acid, showing the existence of two acid soaps, NaP,HP with a 
transition temperature of 74°C., and 2NaP,HP with a transition tempera¬ 
ture at 91°C., and showing the non-existence of solid solutions or isomor¬ 
phous mixtures in that system. 

It is not easy to see with the naked eye the appearance of the first trace 
of liquid on heating the solid crystalline mass in field C, although the eu¬ 
tectic break at 40°C. is unmistakable, but progressively less distinct, as 
one approaches the composition KL,HL. We, therefore, turned to a 
dilatometric method of exhibiting the break at 40°C. which should occur 
at the upper boundary of the whole of the field C. 

Dilatometric evidence for the absence of solid solutions 

The design of the dilatometer, which was adopted after many trials, is 
given in figure 2. At the top of the diagram the dilatometer is exhibited 
in a horizontal position just after filling. This was done by attaching to a 
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Langmuir vacuum pump and a mercury reservoir with stopcock A closed 
and B open, then closing B and allowing mercury from the reservoir to 
fill the bulb and capillary as shown. The glass is cut at C and the position 
of the mercury meniscus adjusted with the dilatometer vertical, as in the 
lower figure, by heating the bulb to a temperature 20°C. higher than 



Fig. 2. Dilatometer for Observing Changes in or Disappearance of Phases 
in Systems of Lauric Acid with Potassium Laurate up to 0.72 Mole Fraction 

at which the acid soap system becomes a homogeneous isotropic liquid, and 
then cooled to room temperature. Twenty dilatometers were placed in 
a thermostat and the expansion observed upon very slow heating (3°C. 
at a time, waiting twelve hours at each temperature before reading). In 
the neighborhood of an expected break, readings were taken at an interval 
of 1°C. A typical curve is given in figure 3. The break at 40°C. shows that 
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the system contains eutectic mixture and is not a homogeneous solid solu¬ 
tion. With one exception eutectic breaks for the nine systems occurred 
between 39.7°C. and 40.1°C. Where there was only 0.0106 KL the break 
was noted at 40.5°C. The dilatometer, therefore, proves that the system 



TEMPERATURE IN °C 


Fig. 3. Dilatometer Expansion Curve for a System Containing 0.773 Mole 
Lauric Acid and 0.227 Mole Potassium Laurate 

Showing eutectic break at 40°C. and last trace of crystal disappearing at 72.5°C. 

(Tc). 

is heterogeneous at least as far as 0.4 KL and somewhat beyond, although 
its indications necessarily'become less distinct as the homogeneous crys¬ 
talline phase KL,HL is approached. 

The dilatometer for compositions containing more than 0.4 KL gives in 
each case a measure of the transition temperature at which the acid soap 
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KL, HL breaks up into its constituents. Ten readings lay between 90.5°C. 
and 91.5°C., confirming the interpretation of the break in the boundary of 
the isotropic liquid at 91.3°C. 

Microscopic method 

A thin layer of the powdered system between microscope slide and cover 
glass was examined between crossed Nicols, using an adjustable air thermo¬ 
stat upon the stage of the microscope. At room temperature all systems 
are doubly refracting, KL slightly and KL,HL strongly. The latter 
needle or rod-like crystals, therefore, appear very bright between crossed 
Nicols. On close examination the acid soap appears as elongated hexa¬ 
gonal plates often radiating from a point. 

Upon slowly heating, the eutectic point is marked by the sudden appear¬ 
ance of isotropic liquid, black between crossed Nicols. As the temperature 
is progressively raised, the amount of isotropic liquid is seen by the pro¬ 
portion in which it fills the field. For example, for 0.029 KL + 0.971 HL 
the field became wholly black at 43.1°C., as compared with T c = 43.3°C. 
observed with the naked eye. The first visible appearance of liquid in the 
nine systems occurred between 39.6°C. and 40.0°C., the temperature being 
sharply 39.8°C. for the most favorable compositions. 

For the composition KL,HL, the system appears homogeneous, under¬ 
going no visible change until 90.0°C., when the field suddenly darkens as the 
acid soap is transposed into slightly doubly refracting potassium laurate 
suspended in the isotropic liquid (black between crossed Nicols). On the 
other hand, when the mole fraction was 0.64 KL, the system was obviously 
heterogeneous, suddenly darkening at 89.9°C. 

Sci PW press method 

Donnan and White merely allowed liquid to drain away from solid 
matter, a process which is necessarily extremely incomplete. Here several 
systems in field A have been tested for heterogeneity by squeezing in a 
mild steel press lined with filter paper and with filter paper supported on 
fine mesh nickel gauze upon the perforated filter plate. The whole is 
maintained in the thermostat, and when the plunger is screwed down every 
three hours or so for several days, the isotropic oily liquid escapes. The 
residual hard white cake is analyzed by determination of T, in a sealed 
glass tube, the composition being read off from figure 1. The composition 
of the cake lies close to KL, HL, showing that this is a separate pure phase. 
All systems heated above 91°C. yield a residue of pure KL in accordance 
with the results of the previous methods. 

Others who have observed the acid soap KL, HL are Oudemans (1863), 
McBain and Eaton, Ekwall, etc. (loc. cit.) y but this is the first time that it 
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has been demonstrated that it is a pure chemical compound and the only 
one existing in this two-component system. 

m mm \in 

It has been carefully demonstrated by a number of independent methods 
that the acid soap consisting of equal molecular proportions of potassium 
laurate and lauric acid is a true chemical individual that does not form solid 
solutions or isomorphous mixtures with either component. It exists only 
below 91.3°C., the transition temperature at which it decomposes into 
potassium laurate and the liquid mixture. There is a eutectic point be¬ 
tween the acid soap and lauric acid at 40.0°C. and a break in the boundary 
of the isotropic liquid at 240°C., the lowest temperature at which 
anisotropic liquid exists in the two-component system. 
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The metal oxide and mixed metal oxide catalysts for the oxidation of 
carbon monoxide have received considerable attention since the investi¬ 
gations of Lamb, Bray, and Frazer (1). Bone (2) and his coworkers studied 
the oxidation of carbon monoxide using nickel, copper, and their oxides. 
Bennett (3) studied the activity of a number of purified oxides and found 
manganese, nickel, and cobalt oxides to be especially active at low tem¬ 
peratures. Recently Engelder and Miller (4) have shown that a mixed 
catalyst of titania^and copper oxide was active, and Engelder and Blum- 
mer (5) have shown that a catalyst composed of cobaltic and ferric oxides 
has a high degree of activity in a temperature range of 0°C. to 200°C. 
Frazer (6) has shown that a catalyst composed of ferrous chromite is active 
at elevated temperatures. 

This paper records the results of a continuation of work upon metal 
chromites as catalysts for the high temperature oxidation of carbon 
monoxide. 


EXPERIMENTAL PART 

Preparation of catalysts 

The chromites were prepared by two methods, the method of Gerber 
(7) and the method of Lazier (8). The method of Gerber is as follows: A 
mole of the anhydrous metal chloride was ground with a mole of potassium 
dichromate to a fine powder. The mixture was fused in a porcelain dish 
at 900°C. for one hour. The resulting mass was leached with boiling water 
and concentrated hydrochloric acid, and then dried. It was found impos¬ 
sible to prepare cupric chromite by this method, as at 900°C. the cupric 
chromite decomposed forming cuprous chromite, which gradually reoxi¬ 
dized to cupric chromite upon cooling and yielded a mixture of cupiic 
chromite and chromium oxide. 

x The material in this communication is abstracted from the dissertation sub¬ 
mitted by E. C. Lory in partial fulfillment of the requirements for the degree of 
Doctor of Philosophy at The Johns Hopkins University, June, 1932. 

a Present address, Colorado Agricultural College, Fort Collins, Colorado. 
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The method of Lazier consists of the preparation of a “metal ammonium 
chromate” and its subsequent decomposition, forming a mixture of the 
metal chromite and the metal oxide. The preparation of cobaltous chro¬ 
mite is given as an example. One mole of cobalt nitrate dissolved in 300 
cc. of water was mixed with one mole of chromic trioxide in 100 cc. of 
water. The resulting solution was heated to 80°C. and to it was added 
three moles of ammonia. The resulting dark red precipitate was filtered 
by suction and washed sparingly with water and dried at 110°C. The 
dried precipitate was decomposed by heating small quantities in a casserole 
over a free flame. This gave an extremely fine greenish black powder 
composed of an equimolar mixture of cobalt oxide and cobaltous chromite. 
This was leached with concentrated hydrochloric acid until the acid gave 
no reaction for cobalt. The resulting chromite was a fine dark green 
powder. 

Catalytic activity of chromites " 

The method used in testing the catalytic activity of the chromites for 
the oxidation of carbon monoxide consisted in the direct comparison 
between the catalyst and a catalyst known to be 100 per cent efficient. 
The apparatus and method developed by Bennett (3) was used with slight 
modifications. The dried gas mixture containing 1 per cent carbon mon¬ 
oxide was passed over the catalyst at the rate of 100 cc. per minute. The 
catalyst bed was 1 sq. cm. in area and 10 cm. deep. It was contained in a 
glass tube so arranged that the gases were preheated before passing over 
the catalyst. The carbon dioxide formed was removed by passing the 
gas through standard barium hydroxide. The remaining gasea. were 
dried and passed over hopcalite. This quantitatively oxidized any remain¬ 
ing carbon monoxide, the carbon dioxide formed being absorbed in a second 
absorption flask. The excess barium hydroxide in the two absorption 
flasks was titrated with standard oxalic acid. A direct comparison of the 
barium carbonate present in the two flasks gave the efficiency of the 
catalyst and was not affected by fluctuations in the rate of flow or con¬ 
centration of carbon monoxide in the testing gas. With this method good 
checks were obtained with a similar catalyst at identical temperatures. 

Table 1 gives the results of the tests upon the various chromites, giving 
the temperatures at which they possess 10, 20, 40, 60, 80, 90, and 100 per 
cent efficiency in the oxidation of a 1 per cent carbon monoxide-air mixture. 

Surface oxidation of chromites 

It has been noticed by O. G. Bennett that upon heating a chromite and 
washing with water, the filtrate was slightly colored. It was thought that 
this coloration might be due to the chromic acid formed by the oxidation 
of the chromite during heating. Tests were made upon copper, cobalt, 
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and nickel chromites to determine if oxidation did occur and the extent 
of oxidation. 

Experimental procedure . A 10-g. sample of the chromite was weighed 
into a Gooch crucible and leached with hot water until no test for chromic 
acid could be obtained in the filtrate. The crucible was then heated in 
an electric furnace to the desired temperature. It was leached with hot 
water in 200-cc. portions. The amount of chromic acid was determined 
iodometrically by titration with 0.01 N sodium thiosulfate. In most 
cases three to five leachings were required to remove completely the chro¬ 
mate present. The results of the surface oxidation on copper, cobalt, 
and nickel chromites are given in table 2, showing the temperature and 
time (in hours) of heating, with the per cent of Cr() 3 by weight obtained 
in the filtrate. 

These results tend to show that upon the heating of a chromite the 
surface of the chromite is oxidized to a chromate, but that the oxidation 
is only on the surface. To determine whether or not it was a case of equi¬ 
librium, a sample of copper chromite No. 3 was heated in a steel bomb at 
400°C. under a pressure of 55 atmospheres of oxygen for twenty-four 
hours. Upon being leached it showed the same aniount of chromate as 
when it was heated at atmospheric pressure. 

Reduction of surface chromate by carbon monoxide 

If the formation of chromate on the surface of a chromite is the active 
agent in the oxidation of carbon monoxide, the reduction of the chromate 
must occur at, or below, temperatures at which the chromite is catalyti- 
cally active. Tests were carried out upon copper and cobalt chromites 
to determine whether or not the chromate present on the surface of the 
chromite was reduced by carbon monoxide. 

The method of determining the reduction by carbon monoxide was to 
pass carbon monoxide over the chromite and absorb the carbon dioxide 
formed in standard barium hydroxide. Nitrogen was used to give an 
oxygen-free atmosphere. 

Copper chromite No. 3. Reduction of the chromate and also of the cop¬ 
per oxide present took place at 100°C. The amount of carbon dioxide was 
in considerable excess of the amount of chromate present due to the simul¬ 
taneous reduction of the copper oxide. Upon leaching after reduction no 
chromate was found to be present. 

Cobalt chromite No. 1 . Cobalt chromite was studied in more detail, as 
the cobalt oxide was not reduced by the carbon monoxide and quantita¬ 
tive checks of the amount of chromate present could be obtained. Reduc¬ 
tion was observed when the temperature of the chromite reached approxi¬ 
mately 160°C. Upon leaching with hot water a small amount of chromate 
was found to remain and not be reduced by the carbon monoxide at 200°C. 
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TABLE 1 

Efficiency of catalysts used in the oxidation of a carbon monoxide-air mixture 


TEMPERATURES (°C ) AT WHICH CATALYST HAS 
EFFICIENCY OF 


LATAL.IB 1' 

10 per 
cent 

20 per 
cent 

40 per 
cent 

60 per 
cent 

80 per 
cent 

90 per 
cent 

100 per 
cent 

Copper chromite* 








No. 1 

30 

31 

33 

35 

46 

61 

94 

No 2 

103 

125 

152 

168 

178 

183 

199 

No 3 

44 

57 

74 

91 

118 

120 

142 

No. 4 

107 

116 

129 

140 

149 

153 

165 

No. 5 

Copper dichromatef 

55 

78 

82 

84 

85 

87 

102 

No. 1 

106 

129 

153 

170 

194 

217 

265 

No 2 

Cobalt chromiteJ 

217 

239 

273 

300 

327 

341 

357 

No 1 

230 

255 

283 

.300 

323 

349 

386 

No 2 

66 

84 

100 

100 

101 

104 

111 

No. 3 

Ferrous chromite § 

147 

169 

196 

210 

222 

229 

243 

No 1 

136 

154 

182 

199 

218 

231 

254 

No. 2 

Nickel chromitef 

216 

239 

248 

270 

304 

400 

— 

No. 1 

Manganous chromite || 

259 

283 

320 

353 

383 

398 

431 

No. 1... 

235 

259 

285 

298 

313 

341 

420 


* Copper chromite: 

No. 1. Copper chromite prepared from “copper ammonium chromate, ” decom¬ 
posed but not leached 

No. 2 Copper chromite from “copper ammonium chromate,” leached with 
concentrated hydrochloric acid 

No. 3. Copper chromite from “copper ammonium chromate,” leached with 
concentrated hydrochloric acid and heated to 700°C. 

No. 4. Copper chromite No. 3 heated in a bomb for twenty-four hours at 400°C. 

under a pressure of 65 atmospheres of oxygen in the hope of increasing 
the oxidation of the chromite to chromate 

No. 6. Catalyst prepared by precipitation of cupric carbonate upon a sample of 
copper chromite No. 3. Heated to 170°C. for three hours with the 
carbon monoxide mixture passing over it, and then tested. No. 1 
and No. 5 have nearly identical activities, 
t Copper dichromate: 

No. 1. Copper dichromate prepared by saturating a solution of chromic acid 
with basic copper carbonate and slowly evaporating at room tempera¬ 
ture in a vacuum. Material heated to 250°C., cooled, and tested. 

No. 2. Cupric dichromate^ Eimer and Amend c. p. crystalline material, heated 
for eight hours at 150°C. and at 215°C. for six hours. Upon completion 
of lasting, a Bunsen active oxygen test showed the presence of 76 per 
cent cupric dichromate. 
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t Cobalt chromite: 

No. 1. Cobalt chromite prepared by Gerber’s synthesis. 

No. 2. Decomposition product of “cobalt ammonium chromate.” Not leached. 
No. 3. Cobalt chromite from “cobalt ammonium chromate,” leached with 
concentrated hydrochloric acid until free of cobaltous oxide. 

S Ferrous chromite: 

No. 1. Decomposition product of “ferric ammonium chromate.” Not leached. 
No. 2. Ferrous chromite prepared by Gerber’s synthesis 
If Nickel chromite: 

No. 1. Nickel chromite prepared by Gerber’s synthesis. 

|| Manganous chromite: 

No. 1. Manganous chromite picpared by Gerber’s synthesis. 


TABLE 2 


Surface oxidation on copper , cohall , and nickel chromites 


TEMPERATURE 


TIMS 


PER CENT CrOa 


TEMPERATURE 


PER CENT CrO| 


Copper chromite No. 3 


Test No I 

Test No 2 

degrees C 

hours 


degrees C 

hour 8 


200 

10 

0 0504 

130 

36 

0 0100 

450 

"1 

0 0663 

160 

73 

0 0212 

330 

10 

0 0660 

450 

2 

0 0651 

300 

2 

0 0641 

300 

3 

0 0663 

300 

16 

0 0688 

328 

7 

0 0693 

100 

250 

0 0001 

300 

8 

0 0664 


Average for high values = 0.0678 per cent Cr0 3 


Cobalt chromite No. 1 


Test No 1 

Test No 2 

450 

6 

0 0728 

300 

18 

0 0680 

300 

6 

0 0623 

500 

5 

0 0728 

300 

11 

0 0720 

530 

5 

0.0734 

200 

12 

0 0332 

900 

6 

0 0730 

500 

7 

0 0730 

160 

1168 

0 0102 


Average for high values = 0.0738 per cent Cr0 8 


Nickel chromite No. 1 


Test No 1 

Test No 2 

430 

5 

0 0251 

500 

11 

0 0256 

460 

5 

0 0252 

500 

3 

0 0240 

410 

3 

0 0262 

675 

3 

0.0241 

400 

84 

0 0276 

500 

12 

0 0236 

530 

73 

0 0244 

500 

10 

0.0262 

800 

3 

0 0261 

800 

3 

0 0253 


Average for high values = 0.0260 per cent CrO* 
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The results of the reduction of cobalt chromite are given in table 3, 
giving the number of cubic centimeters of 0.01 N thiosulfate solution 
required to titrate the chromate present. 


TABLE 3 

Results of the reduction of cohalt chromite 


TEST NO 1 

r* ST no 2 

Chromate by leaching 

22 61 cc. 

Chromate by leaching 

22 05 cc. 

Chromate by reduction 

23 33 cc 

Chromate by reduction 

21 79 cc. 

Chromate by reduction 

22 81 cc. 

Chromate by reduction j 

19 41 cc. 


These results indicate that the chromate formed upon the surface of 
the chromite is reduced by carbon monoxide at the same temperatures 
at which the chromites become catalytically active. 

Adsorption of DuPont Scarlet 2RL by chromites 

Paneth and Vorwerk (9) have shown that Ponceau 2R is adsorbed on the 
surface of crystalline lead sulfate apparently in a monomolecular layer, 
and by adsorbing it on a surface of known area they have calculated the 
area occupied by one molecule of the dye when it is adsorbed upon the 
surface of lead sulfate. The adsorption of the dye upon copper, cobalt, 
and nickel chromites has been measured. In these experiments DuPont 
Scarlet 2RL was used, as it is the same dye chemically as Ponceau 2R. 

TABLE 4 


Adsorption of DuPont Scarlet 2RL upon chromites 


CHROMITE 

WEIGHT OF 
DYE ADSORBED 
BY 1 GRAM OF 
CHROMITE 

X 10* GRAM8 

MOLES OF DYE 
ADSORBED BY 

1 GRAM OF 
CHROMITE 

X 10 7 

NUMBER OF 
MOLEIUIKS OF 
DYE 

ADSORBED 

X 10-” 

SPECIF IC 
SURFACE OF 
CHROMITES 

X 10 3 8Q CM 

CuCr 2 0 4 

5 71 

11 89 

7 21 

14 38 

CoCr 2 0 4 .. 

9 63 

20 05 

12 15 

24 23 

NiCr 2 0 4 . 

2 20 

4 58 

2 78 

5 54 


The method used was that of Paneth and Vorwerk. One and one-half 
grams of chromite was weighed into an ampoule of about 15 cc. capacity. 
Ten cubic centimeters of the dye solution was admitted with a pipette, 
the ampoule sealed, shaken for an hour and then centrifuged. Ten solu¬ 
tions of increasing concentration were used to obtain an adsorption iso¬ 
therm at room temperature. Five cubic centimeters of the clear super¬ 
natant liquid was pipetted out and diluted to a dilution easily read upon 
the colorimeter. The comparison was made by means of a Bausch and 
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Lomb colorimeter. The results of the adsorptions of DuPont Scarlet 
2RL upon the chromite are shown in table 4. 

Owing to the high concentration of dye necessary to reach saturation 
of the surface and the attendant difficulties in determining the amount 
adsorbed, the results given in table 4 are not accurate to better than 10 
per cent. 

Combining the amount of surface found by dye adsorption with the 
amount of chromic acid found by leaching, the area occupied by each 
chromium atom can be calculated. The results are shown below. 

Area occupied by each 
chromium atom on the surface 

Cobalt chromite . 5 49 X 10 “ 16 sq. cm. 

Nickel chromite .. 3 52 X 10~ lB sq. cm. 

Copper chromite ... 3 50 X 10 -lB sq. cm. 

X-ray diffraction patterns were taken of cobalt, copper, and nickel 
chromites to determine whether or not the chromites prepared in this inves¬ 
tigation were true chromites or mixtures of the oxides. Powder diagrams 
showed them to be definite compounds and not mixtures. Copper chro¬ 
mite was apparently not a cubic lattice and the x-ray investigation of this 
compound is being continued. 


DISCUSSION 

There are two possible explanations for the activity of the chromites 
in the oxidation of carbon monoxide: (1) the adsorption of the carbon 
monoxide with its activation through adsorption, or (2) the adsorption 
and activation of the oxygen. From the results of the surface oxidation 
of the chromites and the reduction of the chromate formed it would seem 
more logical that the activity is due to the adsorption of oxygen to form a 
chromate and its activation through a chemical formation. The activa¬ 
tion of the saturated oxygen molecule would seem to be the more important 
factor, rather than the activation of the unsaturated carbon monoxide 
molecule. 

The activity of the decomposition product of the “metal ammonium 
chromate” appears to be due to the presence of the metal oxide. When 
this mixture is leached with acid the oxide is removed, and the activity is 
then due to that of the chromite. 

The oxidation of the chromites to chromate seems to be limited to a 
surface reaction, as increased heating under high pressure of oxygen did 
not increase the amount of chromate formed. The chromate appears to 
form a surface film that prevents further oxidation. 

Studies of the adsorption of carbon monoxide, oxygen, and carbon dioxide 
by the chromite and chromate surfaces are now being carried out. 
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SUMMARY 

1. The catalytic activity of copper, cobalt, nickel, manganous, and 
ferrous chromites for the oxidation of carbon monoxide has been determined. 

2. It has been shown that upon heating the chromites are oxidized to 
sexivalent chromium on the surface, the surface film preventing further 
oxidation. 

3. The chromate formed on the surface of the chromite is reduced by 
carbon monoxide at, or below, the temperatures of catalytic activity of 
the chromite for oxidation of carbon monoxide. 

4. The specific surface of the chromites was determined by the method 
of Paneth and Vorwerk through adsorption of DuPont Scarlet 2RL. 

5. An explanation of the activity of the chromites for the oxidation of 
carbon monoxide through the formation of a surface compound has been 
proposed. 

The writer wishes to express here his appreciation to Professor J. C. W. 
Frazer, at whose suggestion and under whose supervision the work de¬ 
scribed was carried out. 

He also wishes to thank Dr. O. G. Bennett for supplying him with a 
sample of ferrous chromite and for his helpful criticism during this 
investigation. 
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INTRODUCTION 

Solubility data on thiourea, an analogue of urea, in water is limited to a 
few isolated temperatures (4, 8, 11, 12). No previous determinations on 
the solubility of thiourea in water, in methanol, or in ethanol over a tem¬ 
perature range have been made. Such data are of some interest from the 
standpoint of a study of concentrated solutions—their ideality, non-ideality, 
and the like. 


MATERIALS 

A 

The thiourea used was obtained from the Eastman Kodak Company and 
was their best grade. It was purified by recrystallization three times from 
water. The final product had a melting point of 181.4°C., which was 
slightly below that recorded in the literature (6). 

A portion of the above thiourea was further purified by two recrystalli¬ 
zations from c.p. methanol. The final product showed a melting point of 
181.4°C., which was the same as that of the sample after the third water 
recrystallization. 

The purity of the thiourea was checked by chemical analysis for its sulfur, 
nitrogen, and thiourea content. It was felt that the data from analysis 
would be more reliable than the melting point determinations, because of 
the decomposition of thiourea at its melting point. 

The first sample showed an average sulfur content of 42.10 per cent for 
twelve determinations (eight by a sodium peroxide oxidation (3), and four 
by a nitric acid-bromine oxidation (13,19)), with maximum deviations from 
the average of 0.07 per cent. The second sample (methanol recrystalliza- 
tion) showed an average sulfur content of 42.14 =b 0.04 per cent for three 
determinations (3). The nitrogen content of the thiourea samples, deter¬ 
mined by the Gunning method (2) showed 36.79 =fc 0.03 and 30.80 =fc 0.2 
per cent. The thiourea content, determined by the method employed by 
Kappana (7) as recommended by Reynolds and Werner (14) and modified by 
Werner (21), showed 99.97 ± 0.04 per cent and 99.98 db 0.02 per cent for 
the water-recrystallized and methanol-recrystallized samples. 
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Boiled distilled water was employed in all determinations where water 
was the solvent. Baker’s c. p. absolute methanol was twice refluxed with 
lime for six hours and then distilled through a six-bulb Le Bel-Henninger 
column. That portion boiling within 64.63 db 0.01°C. (corr.) was col¬ 
lected and used in the solubility determinations. Pure grain alcohol was 
twice refluxed with lime for over six hours and distilled as under methanol. 
The distillate boiling within 78.43 db 0.02°C. (corr.) was collected and used 
for the solubility determinations. The procedure for ethanol was essen¬ 
tially that of Merriman (9). 

PROCEDURE AND APPARATUS 

The synthetic method of Alexejew (1) was employed in making the 
solubility determinations. This method consisted in heating weighed quan¬ 
tities of solvent and solute in a sealed tube, rotated in a water bath, and 
noting the temperature at which the solid phase had nearly disappeared. 
In recent years other investigators (16, 17, 18, 20) have found this method 
to be accurate and a reliable means for determining the solubility of solids 
in various solvents. As pointed out by these investigators, care must be 
taken in attaining true equilibrium conditions at the solubility temperature; 
this can ordinarily be obtained through slow heating and using low rates 
of temperature rise. A temperature rise of 0.01°C. per minute was used 
in some cases, though in many cases thermostating for a period of time was 
employed. Sunier (17) pointed out that with a rate of heating of 0.01°C. 
per minute, results well within 0.1°C. of the true solubility temperature 
were obtained for naphthalene in aliphatic alcohol systems. The author 
feels that this same degree of accuracy would hold for the systems studied 
in the present research. 

The results obtained by the synthetic method are necessarily under 
different pressures. This question has been given extensive theoretical 
and practical consideration. Although it is possible that extremely high 
pressures would exert an influence, statements (15) are found that under 
ordinary conditions in which the pressure does not exceed ten atmospheres, 
no noticeable effect on solubility would be produced. No abnormalities in 
the solubility curves obtained by this method have been attributed to 
variation in pressure. The apparatus used has been described earlier (17). 

Other investigators (16, 17, 18, 20) have shown that the size of the crys¬ 
tal is of importance in attaining true equilibrium conditions. The method 
was that ordinarily employed and consisted in rapidly heating the tube 
to a temperature where all the solute dissolved, and then cooling rapidly 
with vigorous shaking. , 

Thin wall Pyrex tubes of 7 mm. internal diameter and approximately 
14 cm. long were used. The tubes were cleaned with sulfuric-chromic acid 
cleaning solution, rinsed with distilled water, and then heated over an open 
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Bunsen burner to dull redness, placed in a desiccator, allowed to cool, and 
weighed. For marking the respective tubes, they were first coated with 
paraffin, the desired identification marks inscribed with a steel pen, and 
hydrofluoric acid (48 per cent) added. After five minutes, the paraffin 
was dissolved off with acetone, and the tube prepared as described above. 

In these determinations a thermometer certified by the Bureau of Stand¬ 
ards was employed. The thermometer could be read to db 0.01°C. with 
the aid of a magnifying glass. The temperatures recorded should be 
accurate to =fc0.02°C. 

Some preliminary data was obtained for the possible decomposition of 
thiourea in water solutions. The respective samples of these materials 

TABLE 1 


Solubility of thiourea (recrystallized from water) in water 


THIOUREA 

SOLVENT 

THIOUREA 

THIOUREA 

SOLUBILITY 

TEMPERATURE 

grama 

grama 

V i ight per cent 

mol fraction 

degrees C 

0 2968 

2 9993 

9 0 

0 0229 

12 43 

0 4050 

2 9543 

12 06 

0 0314 

19 88 

0 5113 

2 9899 

14 60 

0 0389 

25 11 

0 6369 

*2 9550 

17 73 

0 0486 

30 38 

0 7855 

2 9862 

20 83 

0 0586 

35 23 

1 2715 

1 9846 

39 05 

0 1317 

57 05 

0 9010 

3 0165 

23 00 

0 0658 

38 31 

1 1094 

2 8897 

27 74 

0 0833 

44 30 

1 2975 

2 9727 

30 38 

0 0937 

47 34 

1 0700 

1 9636 

35 27 

0 1143 

53 02 

1 5590 

1 9423 

44 53 

0 1598 

62 85 

1 8848 

1 9927- 

48 61 

0 1829 

67 43 

1 9197 

1 5217 

55 78 

0 2299 

75 96 

2 2502 

1 5084 

59 87 

0 2610 

81 28 


were heated with water at loO°C. for two hours and then tested for am¬ 
monium thiocyanate. It was found that the thiourea sample showed an 
absence of ammonium thiocyanate, indicating that under these conditions 
no conversion had taken place. 

EXPERIMENTAL RESULTS 

The results of the various thiourea solubility determinations are pre¬ 
sented in tables 1 and 2. Concentrations have been calculated and tabu¬ 
lated on both the mol fraction and weight per cent basis. The data were 
plotted on a large scale according to the method of Hildebrand and Jenks 
(5), as the log N 2 versus 1000/T. The solubilities at rounded temperatures 
were read off and are given in table 3. 
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TABLE 2 


Solubility of thiourea (recrystallized from water and methanol) 






SOLUBILITY 

THIOUREA 

SOLVENT 

THIOUREA 

THIOUREA 

TEMPERATURE 


Solubility in water 


grama 

grama 

ueight per cent 

mol fraction 

degrees C 

0 5199 

2 9260 

15 09 

0 0404 

25 90 

0 4905 

2 7676 

15 05 

0 0402 

26 02 

0 9347 

2 6717 

25 92 

0 0766 

42 00 

1 0462 

2 8386 

26 93 ; 

0 0800 

43 11 

1 9521 

1 9358 

50 21 

0 1925 

69 26 

Solubility in methanol 

0 2101 

1 6484 

11 95 

0 0540 

25 11 

0 3108 

1 5879 

16 37 

0 0760 

40 80 

0 4064 

1 5409 

22 01 

Q. 0999 

53 76 

0 5046 

1 5500 

24 56 

0 1205 

62 00 

Solubility in ethanol 

0 0864 

2 3103 

3 61 

0 0221 

20 25 

0 1107 

2 2510 

4 69 

0 0289 

31 99 

0 0873 

1 5303 

5 40 

0 0334 

37 69 

0 1426 

2 1111 

6 33 

0 0393 

45 14 

0 1465 

1 8861 

7 21 

0 0449 

51 22 

0 2135 

2 3031 

8 48 

0 0531 

58 05 

0 2457 

2 2585 

9 81 

0 0618 

64 77 


TABLE 3 

Solubility of thiourea in water and alcohols at rounded temperatures 


(Expressed in mol fractions of thiourea) 


TEMPERATURE 

WATER 

METHANOL 

ETHANOL 

degrees C 




20 

0 0314 

0 0481 

0 0220 

25 

0 0389 

0 0539 

0 0247 

30 

0 0478 

0 0603 

0 0277 

35 

0 0583 

0 0673 

0 0312 

40 

0 0707 

0 0748 

0 0349 

45 

0 0856 

0 0833 

0 0392 

50 

0 1023 

0 0922 

0 0438 

55 

0 1221 

0 1025 

0 0492 

60 

0 1450 

0 1150 

0 0554 

65 

0 1700 

0 1292 

0 0622 

70 

0 1968 

0 1452 

0 0701 

75 

0 2243 



80 

0 2533 



85 

0 2860 
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DISCUSSION OF RESULTS 

The results of the solubility determinations in water were compared with 
those published by earlier workers. Dehn (4), some years ago, made a 
single qualitative determination of the solubility of thiourea in water at a 
temperature of 20°C. to 25°C. This result, as the author states, is not of a 
high degree of accuracy. Kettner (8) somewhat later determined the 
solubility of thiourea in water over a temperature range of 0°C. to 145°C. 
His determinations were made at 0°, 50°, 56.5°, 97.2°, 120.6°, and 145°C. 
Hence, comparison with the author's data could be made at two points only, 
viz., 50°C. and 56.5°C. These determinations show some variance from the 



results obtained in the present research, especially the value at 50°C. 
Oliveri-Mandala (11, 12) more recently determined the solubility of thio¬ 
urea in water at temperatures from 10°C. to 25°C. The results at 20°C. 
and 25°C. when compared to the present lesearch show considerable vari¬ 
ation, especially the value at 25°C. The results of the above-mentioned 
investigators are compared in graphic form with the author's work in 
figure 1, where the data are plotted according to the method of Hildebrand 
and Jenks (5). Over a temperature range of 20°C. to 60°C., it is found that 
a straight line results; above 60°C. departure from the straight-line func¬ 
tion increases and becomes greatest at the higher temperatures. 
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Data for a sample of thiourea recrystallized from water and methanol are 
also presented. Here it is observed that the solubility determinations 
coincide with those already determined on the sample recrystallized from 
water only. It is thus apparent that the solubility of thiourea was not 
affected by the nature of the solvent from which it was recrystallized. A 
study of tables 1 and 2 shows the deviation obtained relative to the solu¬ 
bility of thiourea on the two samples used, viz., that recrystallized from 
water and that recrystallized from water and methanol. The fact that the 
results on the solubility determinations of the two samples of thiourea 
show such close agreement leads to the conclusion that these determina¬ 
tions are more accurate than those of previous published work. 

It is felt that the foregoing results are accurate to well within db 0.1°C. 
of the true solubility temperature. This figure represents the maximum 
deviation, whereas some of the determinations deviate much less. Be¬ 
tween the temperature of 20°C. to 60°C., where the straight-line function 
exists, the mean deviation in solubility temperature for both samples of 
thiourea used was 0.07°C. It is believed that the solubility results obtained 
with both samples are of the same degree of accuracy. For that reason 
no distinction in the final results is made. The values of the solubility 
of the respective samples of thiourea were read off from the large plot 
previously referred to. From this plot the equation of the straight line 
was determined, and found to be logi 0 N = —1621.6 (1 /T) + 4.029. 
This is valid over the temperature range 20°C. to 60°C. It gives results to 
within one part per thousand of the values obtained from the plot. 

The fact that the log N versus 1/T curve is a stright line over the tem¬ 
perature range of 20°C. to 60°C. leads one to inquire whether or not ideal 
solutions are encountered in this range of temperature. To attempt to 
extrapolate log N = 0 is difficult, because it is known that above 60°C. the 
solubility of thiourea departs from a straight-line function, with increasing 
rapidity as the temperature is elevated. However when Kettner’s (8) 
data at higher temperatures are plotted with those of the author, a smooth 
curve results and on extrapolation the curve almost intersects at the abso¬ 
lute melting point, i.e., where log N = 0. The shape of the curve indicates 
that a reverse S form of curve discussed by Mortimer (10) is not formed. 
No data seems to be available concerning the latent heat and fusion of 
thiourea (no doubt because of the molecular transformation at its melting 
point). Hence, a comparison of the experimental and ideal shape of the 
line was not possible. It may be said that when the slope, 1621.6 (assumed 
to be constant over the entire range, which is not true to the fact) is multi¬ 
plied by 4.583, a value of approximately 7400 calories is obtained. If the 
solution were ideal, this value would represent the latent mol heat of fusion 
of thiourea. 

To determine further whether or not ideal solutions were formed by 
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thiourea in water, a search for vapor pressure data was made. Apparently 
no data on the vapor pressure of thiourea in water solutions is available. 
Hence no comparison or calculation can be made to determine whether or 
not deviation from Raoult’s law exists. 

The solubility results of thiourea in methanol and in ethanol are found 
in table 2. These results are also presented in graphic form in figure 2. 
It is observed that between the temperature range of 20°C. to 70°C., thio¬ 
urea in methanol and ethanol does not form a straight line when plotted 
according to the method of Hildebrand and Jenks (5). One would expect 
from the nature and chemical constitution of thiourea that it would be 
readily soluble in water, less soluble in methanol, and least soluble in 



Fig. 2. Solubility of Thiourea in Water, in Methanol, and in Ethanol 


ethanol. However, this is not the case. An unexpected phenomenon 
occurs, as shown in figure 2. The curves of the solubility of thiourea in 
water and methanol cross at about 43°C., i.e., at temperatures below 43°C. 
thiourea is more soluble in methanol than in water, aqd at temperatures 
above that point is more soluble in water than in methanol, when expressed 
on the mol fraction basis. The exact point where thiourea in methanol 
crosses the thiourea and water curve is where the mol fraction is equal to 
0.08017, which is equivalent to a temperature of 43.24°C. 

The solubility of thiourea in ethanol is as would be expected, viz., less 
than in water or methanol. No previous determinations on the solubility 
of thiourea in water, in methanol, or in ethanol over the temperature range 
studied have been made. 
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SUMMARY 

1. Two samples of thiourea have been carefully purified and analyzed. 

2. Nineteen determinations of the solubility of thiourea in water have 
been made, using the synthetic method in the temperature interval 15°C. to 
80°C.; the precision in these runs is much higher than any previously 
published. The data may be accurately represented by the equation 

logio N = -1621.6 (1/T) + 4.029 

in the temperature interval 20°C. to 60°C. 

3. The solubility of thiourea in methanol and ethanol has been deter¬ 
mined by the synthetic method from 20°C. to 70°C. 

The author wishes to express his gratitude to Prof. A. A. Sunier for his 
interest and advice during the progress of this work, and to the Rochester 
Gas and Electric Corporation for the use of their equipment. 
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ON THE EBULLIOSCOPIC METHOD FOR DETERMINING THE 
EQUILIBRIUM CONSTANT OF ESTERIFICATION 

W. SWIETOSLAWSKI 

Institute of Physical Chemistry, Polytechnic High School, Warsaw, Poland 
Received November 25, 1982 

A method of determining the so-called equilibrium constant of esterifica¬ 
tion by ebullioscopic measurements has previously been described (1). 
In the present investigation, a new ebullioscopic apparatus was used and 
some improvements and simplifications introduced in the technique. 

It is clear that the boiling points of two reacting mixtures, the first one 
containing say 1 mole of ethyl alcohol and 1 mole of acetic acid, and the 
other 1 mole of ethyl acetate and 1 mole of water, differ considerably at 
the beginning of the reaction. The boiling temperatures, however, ap¬ 
proach each othenas the mixtures tend towards the equilibrium state. We 
may consider that equilibrium is established when the two mixtures boil 
at the same temperature. The composition of the two mixtures which 
must be identical is determined in order to calculate the equilibrium con¬ 
stant. 

Previous experiments, with mixtures of the reaching substances in molar 
proportions, showed that it was not easy to get identical values for the 
boiling points of the two mixtures undergoing changes in opposite direc¬ 
tions. Jozefowicz obtained a difference of 0.1°C., whilst Miss Blaszkowska 
succeeded in reducing the difference to 0.04°C. In the latter case the boil¬ 
ing point of the equilibrium mixture could be extrapolated with an ap¬ 
proximation of 0.010°C. These relatively small differences could be due 
either to errors in the ebullioscopic measurements or to the very small 
velocity of reaction in the neighborhood of the equilibrium state. 

The exact determination of the boiling point of* a mixture containing 
volatile liquids is complicated by the fact that the volatile parts of the mix¬ 
ture evaporate and accumulate in the dead space of the ebullioscopic ap¬ 
paratus; this may cause differences in the measurements. On the other 
hand, the velocity of reaction may decrease to such a degree that the 
equilibrium and the equalization of the boiling points of the two mixtures 
might perhaps never be reached in practice. In order to investigate the 
cause of the phenomenon, the conditions governing ebullioscopic measure¬ 
ments have been improved. A new ebullioscopic apparatus suitable for 
investigating mixtures of volatile substances (2) and provided with a stop- 
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cock in order to determine the correction for the dead space of the appara¬ 
tus has been constructed. The new apparatus is shown in figure 1. The 
test tube sealed to the part B is immersed in the boiling liquid. This test 
tube is filled with mercury, into which the bulb of the thermometer dips. 
The temperature read on the thermometer does not correspond to the true 
boiling point on account of the overheating of the liquid, a correction for 
which can, however, be introduced without difficulty (3). In measure¬ 
ments of boiling points it is very important to obtain in both pieces of 
ebullioscopic apparatus an equal intensity of boiling. For this purpose 
they are provided with drop-counters, /. The intensity of the heating is 



regulated in such a manner that the number of drops flowing from the 
condenser D through the tube F is equal for both mixtures, reacting in 
opposite directions. 

ESTABLISHMENT OF THE EQUILIBRIUM AND DETERMINATION OF THE 

BOILING POINTS 

The arrangement of the apparatus is shown in figure 2. The two ebullio- 
scopes, A and B, each filled with one of the two mixtures undergoing changes 
in opposite directions, are connected by means of stop-cocks 1 and 2 with 
a manostat E of 3 to 4 liters capacity. The stop-cock 5 allows us either to 
fill the apparatus with nitrogen or to connect it with the atmosphere. 
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During the first part of the experiment (lasting several weeks) two other 
ebullioscopes, C and D, remain empty and the stop-cocks 3 and 4 are 
closed. The experiment is started by filling the whole apparatus with 
nitrogen. Then A and B are filled with the two mixtures. The stop-cock 5 
is then closed and the bulbs of both ebullioscopes heated until the liquids 
begin to boil. The stop-cocks 1 and 2 are then opened. After having es¬ 
tablished a rate of equal boiling, measurements of the boiling points of 
the mixtures are started. For this purpose only one thermometer with an 
arbitrary scale is used, and it is carried over several times from one test 
tube to the other in order to eliminate the influence of the pressure changes 
in the whole apparatus. After measuring the difference of the boiling 
points, At = t A — the stop-cocks 1 and 2 are closed and the boiling of the 
mixtures maintained for several days. The measurement is repeated by 



opening each time the stop-cocks 1 and 2. When, for example, the forma¬ 
tion of ethyl acetate is investigated, it is possible to fill the ebullioscopes 
with mixtures which are quite near to the equilibrium state, for instance, 
which differ in their boiling points by not more than 0.300°C., or even 
0.060°C. The realization of practically identical boiling points for both 
liquids, within 0.001°-0.003°C., requires four to nine weeks. In some 
cases, when impurities were probably present or when the one-sided evapo¬ 
ration produced a little difference in the composition of the two liquids, we 
noted a greater difference. As is shown in the table, At did not, however, 
exceed 0.010°C. 

DETERMINATION OP THE COMPOSITION CORRESPONDING TO THE 
EQUILIBRIUM STATE 

In the previous work the composition of the liquid in a state of equilib¬ 
rium was determined by considering the function: 
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where t is the boiling point of the mixture at the pressure of 1 atmosphere 
and 

K' = c 4± 

Ci, C 2 , c/, ca being the concentrations of the acid, alcohol, water, and ester 
respectively. On plotting the values of K' against t a curve is obtained 

which allows us to find the equilibrium constant K = —, when the boil- 

cic 2 

ing point, t c , of the equilibrium mixture is known, or may be determined by 
extrapolation. In the present investigation the method of determining 
the constant K or the concentrations, c\, c 2 , cz, c 4 , corresponding to the 
equilibrium state, has been considerably improved and simplified. It 
consists in the following operations. When the equalization of the boiling 
points of the two mixtures is reached, a mixture M is prepared, which is 
very near to the equilibrium state, but still contains a small excess of water 
and ester. This mixture is introduced into the third ebullioscope C. 
Subsequently a corresponding mixture of acid and alcohol, N, is prepared 
and introduced into a bath at 0°C. Then the bulbs of the three ebullio- 
scopes, A, B, and C, are heated and the boiling points t A , t B and t c deter¬ 
mined by means of the same thermometer. The liquids boil under some 
unknown pressure p'. Let the boiling temperatures be unequal, say 
t A > *b > t'c . As mentioned above, the difference, t A — t n , is small and 
does not exceed 0.010°C. Now the stop-cock 3 is closed, the bulb of the 
apparatus C cooled and a small quantity of the liquid N, containing alcohol 
and acid, is introduced. The measurements are repeated by reading again 
the temperatures in A, B, and C. After repeating this procedure several 
times, a mixture is finally obtained which has a boiling temerature t c 
fulfilling the condition: t A > tc > *b- In order to obtain a complete series 
of data, it is necessary once more to add the same quantity of the mixture 
N containing acid and alcohol, and to find that the boiling point of the 
liquid in C is now higher than that of two others, say t'c > t A > t B . With 
all these data the composition of the equilibrium mixture may be obtained 
without any difficulty. 

When the boiling point of the mixture in equilibrium is known, a fourth 
ebullioscope, D, filled with water is used. After opening the stop-cocks 3 
and 4 the boiling temperatures t c and t n are measured under the pressure 
existing in the system. Then a manometer filled with water is connected 
through the stop-cock 5 and a series of determinations of the boiling points 
of water (tj>) and of the liquid (tc) at different pressures is carried out, in 

order to determine the value of for this liquid and obtain from it by 

calculation the boiling point at 760 mm. of mercury. 
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Up to the present, we have carried out several investigations only on the 
reaction that takes place in the formation of ethyl acetate. It is quite 
clear, however, that the same method may be applied in many other cases. 

EXPERIMENTAL DATA 

Three series of experiments were made in order to test the application of 
the method described. The reacting substances were carefully purified 
by methods described in previous papers and the mixtures weighed out by 
means of the apparatus previously described (4). 


TABLE 1 


EXPERIMENTAL VALUFB 

I 

II 

III 

1. Proportion of alcohol and acid 

1:1 

3:1 

1:3 

2. Initial temperature difference A t a 

0 061°C 

0 233°C. 

0 605°C. 

3. Time in days 

25 

42 

44 

4. Final temperature difference, At 

0 ooo°c. 

0 002 °C. 

0 008°C. 

5. Number of drops, n . 

120 

108 

109 

6. Correction for the dead space 

-0 018°C. 

-0 014°C. 

-0 048°C. 

7. Correction for overheating . 

8. Boiling point corresponding to the 

-0 033°C 

-0 034°C. 

-0 034°C. 

equilibrium state .. 

76 25°C. 

73 66°C. 

90 78°C. 

9. Equilibrium constant, K 

3 82 

2 47 

4 74 


TABLE 2 

Changes in — t^ with time 
3 moles alcohol and 1 mole acetic acid 


TTMF 

CHANGE* IN t A — f B 

TIME 

CHANGE? IN t A — t B 

day « 

0 

0 340 

days 

43 

0 023 

2 

0 320 

54 

0 009 

5 

0 290 

64 

0 003 

14 

0 182 

65 

0 002 

24 

0 087 

66 

0 001 


In table 1 the following data are given: (1) the proportion of ethyl 
alcohol and acetic acid in the “initial” mixture; (2) the initial temperature 
difference, A< 0 ; (3) the time of duration of measurements, in days; (4) the 
final temperature difference, M, when the equilibrium state was taken as 
“established”; (5) the number of drops, n, flowing through the drop- 
counter per minute; (6) the correction for the dead space of the ebullio- 
scope; (7) the correction for the overheating of the liquid; (8) the boiling 
point of the liquid in equilibrium at 1 atmosphere (compared with the boil¬ 
ing point of water as the standard substance); (9) the equilibrium con- 
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stant K. The experiments were made by Sobolewski (column I), Kwie- 
cinska (column II), and Bochenk (column III). 

Table 2 illustrates the changes in the difference t\ — with time. It is 
a repetition of experiment II and was carried out by Dobry-Szapiro. 

It seems that this difference, after several transports of the thermometer 
from one apparatus to the other, may be established with an accuracy of 
0.001° — 0.002°C. It is very probable that this accuracy is greater than 
that in the determination of the boiling point of the reacting liquid in the 
pure state. The method thus allows of more accuracy than the method of 
preparation of the pure liquid substances, and the figures in table 4 should 


TABLE 3 


ALCOHOL 

ACID 

ESTER 

WATER 

K - — 

ClC* 

At 

0 9242 

0 0404 

0 4018 

0 4018 

4 321 

degreea C. 

0 202 

0 9233 

0 0389 

0 4033 

0 4033 

4 529 

0 091 

0 9225 

0 0381 

0 4041 

0 4041 

4 646 

0 027 

0 9221 

0 0377 

0 4045 

0 4045 

4 707 

0 010 

0 9218 

0 0374 

0 4048 

0 4048 

4 753 

0 003 


TABLE 4 


Values oj K obtained by Swietoslawski and by others 


MOLE ALCOHOL 

MOLE ACID 

K 

Ebulhoscopic 

method 

Poznanaki 

Blaszkowska 

Tobbin 

1:1 

3 82 

3 79 

3 76 

3 70 

3:1 

2 47 

2 45 

— 

— 

1:3 

4 74 

4 72 

— 

—• 


be considered to apply to the substances used in our experiments. In two 
experiments where different samples of reacting substances were used, the 
mixture when in the equilibrium state gave a difference between the boiling 
points equal to 0.017°C., whereas the differences t\ — observed for the 
two mixtures in one experiment did not exceed 0.002°C. Table 3 gives an 
example of the method for determining the composition of the equilibrium 
mixture, C, and its boiling point. 

The calculation of K can be performed with great accuracy. In table 
4 we have given for K only two decimals because we consider that the 
methods of purification of the reacting substances are not sufficiently 
trustworthy to guarantee the third decimal. In table 4 is given a com¬ 
parison of the data obtained by us and by other authors (5). 
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SUMMARY 

The ebullioscopic method for determining the composition of equilibrium 
mixtures seems to be very accurate and is applicable m all cases where the 
boiling temperature of the equilibrium solution differs considerably from 
the boiling points of the initial mixtures of reacting substances The 
preparation of the equilibrium mixtures, when the equilibrium has been 
established, may be performed with a high degree of accuracy In the 
case of the formation of ethyl acetate the ebullioscopic method is even more 
trustworthy than the methods of purification of the reacting substances. 
The values for the equilibrium constant of esterification in the liquid phase 
have been found for mixtures whose initial composition was 1 mole ethyl 
alcohol: 1 mole acid, 3 moles alcohol’ 1 mole acid, and 1 mole alcohol: 
3 moles acid The boiling points of the corresponding equilibrium mix¬ 
tures were found to be. 76 25°C , 73 66°C , and 90 78°C , respectively. 
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PHOTOVOLTAIC EFFECTS IN GRIGNARD SOLUTIONS. Ill 
New Observations. A Possible Theory 
R. T. DUFFORD 
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This article 1 records certain new observations on photovoltaic effects in 
Grignard solutions and in other substances, and outlines briefly certain 
theoretical considerations which may apply to the effect. The work is a 
continuation of that described in previous papers by the writer (1). 

NEW OBSERVATIONS 

• 

The results here reported are summarized from observations on about 
eighty cells, somaof which, because of changes of electrodes or other experi¬ 
mental conditions, aie equivalent to several single cells each. About sixty 
of the cells contained Grignard solutions, and about twenty were cells of 
other types which it was desired to study for purposes of comparison. In 
all, results are now available from more than three hundred cells, on which 
the total number of readings would probably exceed two hundred thousand. 

The tests with the device for circulating the solutions, described in the 
previous paper (I), have been continued; so far, they seem to confirm the 
conclusions stated there. The writer wishes to make further experiments 
before stating final conclusion^, the question whether two effects exist is 
still open, though the conclusion seems very probable. 

For work in this field, it would be very convenient if some electrode could 
be found which would be entirely free from any response to light, when im¬ 
mersed in Grignard solutions. So far, no substance has been found which 
does not give some small photovoltaic effect in these solutions. Mercury 
covered with carefully dried calomel, in ethylmagnesium bromide solution, 
gives only a few millivolts; probably the calomel protects the mercury sur¬ 
face from the light, or from the product* formed by the light. But even 
this small response is thirty to forty times the error of measurement. And 
with phenylmagnesium bromide, the solution becomes discolored. Hence 
this type of electrode, while perhaps the most nearly inactive so far found, is 

i Abstracted from a thesis presented to the Graduate School of the University 
of Missouri in partial fulfillment of the requirements for the degree of Doctor of 
Philosophy, 1931. 
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far from satisfactory. It is therefore necessary in studying the responses 
of single electrodes to use H-shaped cells in which the electrode in one arm 
can be kept completely dark. While these cells give satisfactory results, 
they require the use of larger volumes of solution than would otherwise be 
necessary. The use of standard reference electrodes, such as the calomel 
half-cell, has not been attempted, because of the diffiulty in bridging over 
from aqueous solutions to ether solutions which must remain absolutely 
anhydrous, and because of the uncertainty concerning the electromotive 
forces that might be introduced at the liquid junctions. A really inactive 
electrode would be very convenient. 

The failure of phenylmagnesium bromide solutions to transport any con¬ 
siderable amount of effect of illumination with it in the circulation experi¬ 
ments seems to indicate that the effect in this case may be due to some kind 
of sensitive film formed on the electrode surface. The capacitance measure¬ 
ments made by Hammond (2) seem to make it clear that thin films always 
exist on the electrode surfaces in these cells. Tests reported in the preced¬ 
ing article (1) indicated that the response with platinum electrodes in Grig- 
nard solutions is not due to adsorbed oxygen; electrodes held at 800°C. in a 
hydrogen atmosphere for some hours, and cooled in hydrogen, behaved the 
same as electrodes flamed and cooled in air, or electrodes kept between 
slices of sodium in ether. These precautions seem sufficient to exclude the 
possibility of effects due to oxygen, which might have been expected to pro¬ 
duce some effect if present in or on the electrodes, where it could react under 
the stimulation of light. Electrodes cooled in nitrogen behave similarly. 
It seems probable, therefore, that the regularly observed effects are not due 
to films of gas on the elect rodes. 

However, it seems very clear that other kinds of film on the surface 
of a platinum electrode can affect its response to light. For example, a 
film of the oxidation product formed by the momentary exposure of an 
electrode wet with Grignard solution to the air, or the film formed by dip¬ 
ping a moist electrode into a Grignard solution, will change the behavior of 
a platinum electrode, as shown in figure 1. These films raise the dark volt¬ 
age to unusually high values, sometimes more than one volt, and they in¬ 
crease the resistance of the cells enormously. As the figure shows, the 
response to light may be even greater than without the film. Exact values 
of the thickness of these films cannot be given, but the order of magnitude is 
about 0.1 to 0.01 mm. 

Preliminary results on several other metals in Grignard solutions are 
available. With lead electrodes, the presence of a surface layer of oxide 
seems to make no important difference in the response. With aluminum, 
the response is slightly larger if the layer of oxide is left on the surface, as 
the sheet comes from stock, than if the sheet is freshly polished just before 
inserting it in the solution. Clean copper surfaces show a good response. 
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Surface layers of oxide give rise to differences in the response which are 
undoubtedly due to the light-sensitiveness of the cuprous oxide itself. 
The response of cuprous oxide in the solutions mentioned is less than in 
some aqueous solutions that have been studied. 

The curve in figure 2 was obtained from a type of cell obtainable com¬ 
mercially, which contains a sensitive electrode of cuprous oxide on copper, an 



Fig. 1. Cell No 101, Ft | C 6 H 6 MgBr | Pt, with One Platinum Electrode 

Illuminated 

Curve A is for a clean bright platinum electrode; curves B and C are for another 
similar electrode, but taken on different days. Curve D is for the electrode of curve 
A after it was coated with the oxidation products from the Grignard reagent; curves 
E and F are for other roated electrodes coated with hydrolysis products of the 

Grignard reagents. . . . 

The upward-pointing arrows indicate the time at which illumination begins; 
the downward-pointing arrows indicate the end of the illumination. 


inert electrode of lead, and a solution of lend acetate or nitrate. The curve 
was obtained with potentiometric equipment, so that the cell supplied no 
current except the minute amounts used in obtaining balance. Used with a 
milliammeter, the response and recovery of the cell are even more rapid— 
too rapid for an instrument to follow. The current changes from zero in 
the dark to several milliampercs in intense light. The tendency to reach a 
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maximum response quickly, and then to show a decreasing response with 
continued illumination, seems to be usual in cuprous oxide. 

Cells with sodium and potassium electrodes in Grignard solutions have 
been given some study. The metals were cut and handled under anhy- 



Fig. 2. Cell No 401, A Commercial Type of Photovoltaic Cell, 

Cu | Cu 2 0 | PbC 2 H 3 0 2 1 Pb 

Curve A shows the voltage response, curve B the current-response, to white light. 
This type of cell gives larger responses than the types referred to in figure 5. 

drous ether, except that they were kept in a nitrogen atmosphere while they 
were transferred to the solutions. The surfaces, bright when first cut, 
become bluish gray on standing. This change of color probably indicates 
formation of some kind of surface film on the electrodes; but it is doubtful 
if the films contain oxygen, or if they do, whether these metals would release 
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it under illumination. The sodium electrodes gave small but remarkably 
consistent responses both to light and to x-rays. Typical curves are shown 
in figure 3. The potassium gave smaller and more erratic responses; on 
standing a few days, the metal dissolved completely, and was replaced by a 
dark fibrous mass, probably magnesium deposited electrolytically by local 
action. This reaction deserves further study. 
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Fig. 3. Cell No. 105, Na | CaHfiMgBr ( Na, One Electrode Illuminated 

Curve A shows the response to white light, the results being unusually reprodu¬ 
cible. Curve B shows the voltage response of this cell to x-rays; curve C the current- 
response to x-rays; and curve D shows another voltage response curve taken just 
after the current curves were obtained, showing that polarization by the current did 
not affect the reproducibility of the voltage responses. 

Somewhat similar cases of formation of sensitive films in aqueous solu¬ 
tions are known. Grube and Baumeister (3) and others have studied the 
light-sensitivity of anodically polarized platinum electrodes. The response 
is of the type that shows a reversal on continued illumination. On the 
other hand, the writer found that anodically polarized aluminum in aqueous 
solutions is relatively insensitive both to visible light and to x-rays. Ultra¬ 
violet light gives a small but consistent effect. 
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The general conclusion from these observations seems to be that while 
surface layers do not necessarily cause photovoltaic effects to appear, they 
do modify the effect frequently, and may in some cases be responsible for 
the appearance of the effect. The experiments described above seem to 
indicate that the effect is not due to oxygen in all cases. The study of such 
surface effects seems to the writer to be well worth continuing, since it 
seems probable that the results can be of great help in deciding the nature of 
photovoltaic action. The study of the effects of depolarizers, described 
briefly in the preceding article, seems equally promising, and is being 
continued. 

A number of cells have been made in which Grignard solutions were her¬ 
metically sealed in glass. These cells have shown a good response to light 
after three years; under proper conditions, therefore, their useful life is 
considerable. 

In collaboration with Dr. H. E. Hammond, the writer has studied the 
response of a number of Grignard cells to x-rays. In general, the responses 
obtained have been large compared with those from visible light; a typical 
case is shown in figure 4. They seem to obey the same logarithmic law as 
applies to other cases of the photovoltaic effect, though the law is only a 
very rough approximation. These observations were made under conditions 
in which the shielding of the circuits was not entirely satisfactory, so that 
there is some possibility that electromagnetic induction, together with rec¬ 
tifying properties of the cells, could give rise to a spurious effect. While 
auxiliary experiments made at the time seemed to prove that such spurious 
effects were negligible, there were discrepancies in the behavior of certain 
cells which did not seem explainable otherwise. The results are-therefore 
regarded as preliminary, and are communicated with due reservation. 
More satisfactory apparatus has been prepared, and additional work is to 
be carried out with it. The effect gives some promise as a method of meas¬ 
uring x-ray intensities. 

It is interesting to compare with the preceding results the curves obtained 
from photovoltaic cells which contain no electrolyte. The light-sensitive 
substance was either cuprous oxide or selenium, though other substances 
are known which give the effect. Such cells can be made by forming a 
layer of cuprous oxide on copper by heating (such plates are used commer¬ 
cially in the cuprous oxide type of rectifiers which have come on the market 
recently), and then pressing a layer of wire cloth against the oxide, or plating 
or sputtering a metal layer on it. When illuminated through the wire cloth, 
current tends to flow, the wire cloth becoming positive by several hun¬ 
dredths of a volt. While some investigators have regarded this phenome¬ 
non as a photoelectric effect, the writer has included it with the photovol¬ 
taic effects, since it is essentially the production of an electromotive force 
by light, and since the response not only follows the same roughly logarith- 
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mic law as other photovoltaic effects, but shows the same tendency to di¬ 
minish and even to reverse its direction under prolonged intense illumina¬ 
tion. Typical curves are shown in figure 5. Copper and nickel wire cloths 
have been used, the nickel giving a somewhat larger response. The response 
and recovery are very rapid in these cells, so that they can follow fluctua¬ 
tions in the illumination up to frequencies of 1000 per second, beyond which 



Fig. 4. Cell No. 107, Pt | CjHjMgBr | Pb, Platinum Electrode Illuminated 

The curve compares the voltage response to intense white light with that obtained 
from x-rays. The latter effect is being reinvestigated. 

the response becomes small. Their dark voltage is usually zero. The 
reversal of the response is shown in the last two illuminations in figure 5. 
The recovery from such a reversed response is direct; positive values 
are not retraced. Subsequent responses are reversed. It is not known 
how long such a negative response would continue; the cell which gave 
the curve reproduced here had completely recovered its normal charac- 
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teristics by the following morning. The reversal seems to occur equally 
quickly whether the cell delivers maximum current or none. Substances 
which behave in this respect like cuprous oxide, generally show a reduction 
in electrical resistance on illumination. They also show a certain amount 



Fig. 5 

TT Curve A shows the voltage response to white light of different intensities, of Cell 
No. 400, Cu | Cu 2 0 | Cu, a “dry” cell with the outer coating of copper electroplated 
on the CutO. The reversal of the voltage response on intense illumination is note¬ 
worthy. Curves B and C compare the voltage and current responses of Cell No. 
405, a dry Cu | Cu 2 0 | Cu cell in which the outer electrode was a copper wire cloth 
pressed against the cuprous oxide, with the similar responses in curves D and E for 
Cell No. 404, a Ni | Cu 2 0 | Cu cell with the copper wire cloth replaced by one of 
nickel. 
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of unilateral conductivity, which permits their use in rectifiers. Some writ¬ 
ers have claimed that the rectifying ability and the photovoltaic responses 
are directly proportional to each other, but this statement is disputed by 
others. 

The striking similarity of the behavior of these dry cells to that of elec¬ 
trolytic cells raises the question whether the effect in the dry cells can be 
due to traces of moisture. Apparently the answer to this question is nega¬ 
tive. One such cell was kept heated to above 100°C. for some time, then 
was cooled in a desiccator in which it was kept for several weeks. Its char¬ 
acteristics were not changed at all. 

THEORETICAL CONSIDERATIONS 

It seems worth while now to examine the experimental evidence so far 
obtained, in search of indications as to the probable nature of the processes 
that underlie the photovoltaic effect. In discussing photovoltaic effects, 
it is usual to divide the phenomena into two classes: (a) the group in which 
the electrode is the light-sensitive part of the cell (this is the type discovered 
by Becquerel); and (b) the type in which the electrolyte is the sensitive part. 
But the Grignard cells containing solutions of substances like phenyl- 
magnesium bromide, which transport little or no effect with the electrolyte 
but instead seem to form a sensitive layer on the surface of an otherwise 
inert electrode, seem to belong in a third class, or at least in a very special 
subdivision of the second. The dry cells containing substances like cuprous 
oxide or selenium, but no electrolyte, seem to belong in a still different class, 
which quite possibly should include some of the cases usually placed in the 
first group. While many authorities regard the last group as photoelectric 
rather than photovoltaic in nature, they are placed in the latter class here 
because of the very great resemblance of their behavior to that of other 
kinds of photovoltaic cell. The points of resemblance may be stated, for 
emphasis: (a; the effect observed is a change in electromotive force; rela¬ 
tively large currents can be obtained, but the currents are not always pro¬ 
portional to the illumination; (b) the responses occur with wavelengths too 
long to excite a surface photoelectric effect in the substances concerned, 
so that it must be explained by a special internal photoelectric effect if it is 
due to such an effect; (c) the maximum electromotive force developed is 
roughly proportional to the logarithm of the illumination, and not a linear 
function of it, nor is it a linear function of the frequency; (d) the maxi¬ 
mum current obtainable is likewise not always proportional to the illu¬ 
mination, at least for high intensities of illumination, but is more nearly 
proportional to the logarithm of the illumination; (e) the e.m.f. decreases 
and sometimes actually reverses on long-continued illumination; (f) the re¬ 
sponse shows a time lag so great that such cells cannot follow light varia¬ 
tions of frequency very far above 1000 per second. It is of course true 
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that dry cells show differences in behavior from that of the other classes: 
they respond and recover more rapidly; the response and recovery curves 
are somewhat different in shape, possibly indicating a different mechanism 
for the response; and they show relatively large decreases in resistance 
when illuminated. 

The statements which follow are intended to apply primarily to the 
effects observed in Grignard solutions, although they apply to a certain 
extent in a great many other cases. It is not yet possible to give an en¬ 
tirely satisfactory theory of all photovoltaic effects. The writer regrets 
sincerely that the severe limitations of available space at present necessary 
have compelled omission of adequate review or reference to the many theo¬ 
ries presented by other workers. A picture is here suggested tentatively as 
being a probable one; it necessarily contains many elements suggested by 
othqr workers, but contains a few points that are apparently new. 

There are strong reasons for doubting that the effect can be due simply to 
the emission of electrons under the influence of light. One such reason is 
the existence of “Minchin reversals,” in which the photovoltaic e. m. f. 
reverses its direction if the illumination is continued. This may not be a 
conclusive argument, since it has been shown earlier in this article that the 
same type of reversal can be obtained from the “dry” type of photovoltaic 
cell, in which the effect is usually explained as being due to the emission of 
photoelectrons at a barrier layer. However, it may be that this commonly 
accepted explanation of the action in dry cells is incorrect. Another reason 
for doubting the simple electronic explanation, in the present case, is the 
fact that some of the solutions carry the effect with them, when circulated, 
so that a previously illuminated solution can affect an electrode in the dark, 
just as if the electrode itself had been illuminated. Not all of the solutions 
seem to be able to do this; but the fact that some of them do suggests that 
the effect depends in some way on the formation of either ions or excited 
molecules by the light. Other reasons for doubting the electronic theory 
are suggested in the second paragraph above; the theory is quantitatively 
unsatisfactory in several respects. 

The suggestion that light actually ionizes the solutions seems to be defi¬ 
nitely contradicted by the experimental evidence. If a Grignard cell be 
regarded as a concentration cell, for the purpose of computing the change 
in the concentration of the ions controlling the electrode potential that 
would be necessary to explain the observed changes in e. m. f., it is found 
that the concentrations would need to change in a ratio which often would 
exceed a millionfold. From the conductivity, the ionization is already con¬ 
siderable, and any such change as demanded by the theory would almost cer¬ 
tainly give rise to a measurable change in the conductivity of the solutions. 
This point has been tested thoroughly. Hammond (2), in a number of 
measurements of the resistance of such cells, found that the changes pro- 
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duced by light were very small. In one case a 2 per cent change was ob¬ 
served, but all the others were considerably smaller. Harty (4), in a large 
number of measurements, found that the changes rarely exceeded one-half 
of 1 per cent. In the majority of observations, the change was an increase 
rather than a decrease in resistance, as if the light had suppressed rather 
than increased the ionization. In view of these facts, it seems more prob¬ 
able that light produces some type of excited molecules, rather than ions. 

It is very likely that the electrodes in the Grignard solutions are covered 
by layers of adsorbed molecules, which probably are not in quite the same 
state as the molecules in the solution. There are two chief reasons for 
such a statement. First, the direct-current resistance of the cells often 
exceeds the electrolyte resistance, as determined by alternating-current 
methods, by as much as a thousandfold. Apparently the d. c. resistance is 
due largely to polarization. It can be decreased by the addition of suitable 
depolarizing substances. Further, the capacitance of these cells, which can 
be determined simultaneously with the a. c. resistance, proves to be very 
large, so that the most reasonable interpretation of the observations seems 
to be that the capacitance is that between electrodes and electrolyte. 
Since values of as high as seven microfarads per square centimeter have been 
observed, it appears (hat the relatively non-conducting film that covers the 
electrodes is often only a few molecules thick, possibly at times only one. 
The sensitiveness of the voltage of some of these cells to shaking may indi¬ 
cate that in some cases these surface layers are very loosely held. The 
variability of the dark voltage suggests that the films may be continually 
changing. The photovoltaic effect is then visualized as being due to the 
formation of excited molecules by the light, either throughout the liquid or, 
in some cases, only in the layer of electrostatically strained molecules making 
up the surface film on the electrode; the surface-layer molecules are then 
more or less completely replaced by excited molecules which are formed in 
the layer or which drift in to it, or else the excited molecules form an addi¬ 
tional layer on the electrode surface. There is evidence in the capacitance 
measurements of Hammond and of Harty that both of these possibilities 
actually occur. These adsorbed layers of molecules introduce adsorption 
potentials which must modify the potentials of the cells. 

The action of depolarizers in reducing the d. c. resistance of the cells 
seems to be due to the substitution in the surface films on the electrodes of 
other molecules which offer less hindrance to the processes which occur at 
the electrode surfaces in conduction. The depolarizing substances are no( 
good conductors by themselves, and it is found that at the same time that 
they reduce the d. c. resistance of the cells, they increase the electrolyte 
resistance, as would be expected from diluting the electrolyte with a non¬ 
conducting liquid. The depolarizing action occurs in systems in which 
there seems to be no possibility of chemical reaction, and no other explana¬ 
tion than the one just suggested has been put forward for such cases. 
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While the subject is by no means settled, it is probable that no photo¬ 
chemical reaction occurs in the Grignard solutions which is able to explain 
the observed photovoltaic effects. It is the opinion of the writer, based on a 
considerable amount of evidence collected from the literature as well as 
from observation, that even in those cases in which photochemical reac¬ 
tions are known to occur, in most cases a photovoltaic effect exists inde¬ 
pendently of and in addition to the changes in e. m. f. due to the chemical 
reaction. 

In view of the facts, now well established (new evidence on this point will 
be forthcoming from the writer’s laboratory later), that a photovoltaic 
effect can exist independently of fluorescence of or any selective absorption 
of light by the electrolyte, it seems certain that any idea of a necessary asso¬ 
ciation of these phenomena must be abandoned. 

A suggestion as to the nature of the excited molecules postulated above 
may add a clarifying detail to the picture presented. Most writers have 
suggested simply an electronic displacement for the excitation process. 
However, such excitation is usually associated with selective absorption, 
and, judging from the duration of the associated fluorescence, the life of 
excited molecules of this type is entirely too short to explain the long-con¬ 
tinued photovoltaic effects. It seems that for the present purpose some¬ 
thing further is needed. Either more stable types of electronic displace¬ 
ment than are known from other phenomena must be assumed, or else other 
types of excitation must be sought. Now, another type of excitation is 
known, from its occurrence in connection with the Raman effect. In this 
type, the atoms which make up the molecules are separated somewhat by 
the light, and are set in vibration, the frequency of the internal vibrations 
being related to the characteristic infra-red frequencies of the molecules. 
Whether excitation of this type is sufficiently long-lived to explain photo¬ 
voltaic effects is not known. The writer believes that either this type, or a 
similar type in which the vibration is missing and the life is longer, will be 
found able to supply the necessary mechanism for explaining photovoltaic 
effects. For a given molecule, there are as many types of excitation of this 
sort as there are types of interatomic linkages. It seems necessary, and not 
unreasonable, to suppose that at least two types of excited molecules are 
formed in the cases in which reversals occur; if the type which forms more 
slowly, or which diffuses to the electrodes more slowly, is also the more 
stable type, so that its effect ultimately outweighs that of the less stable 
variety, a possible basis is found for at least a qualitative explanation of 
the reversal phenomena. 

The picture suggested has been described very sketchily and with many 
details omitted, since it is still in the formative stage. It has, however, 
already justified itself from the point of view that it has suggested many 
new experiments which have yielded valuable information regarding the 
photovoltaic effect. 
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Studies made in recent years show that the lattice of a real crystal is 
far from ideal. Crystals seem to be built of submicroscopic or amicro- 
scopic blocks, the so-called Smekal (1) blocks, which fit together like bricks 
in a wall, giving rise to free spaces in the packing (Lockerstellen). In 
addition, ordinary crystals very often even contain microscopically visible 
cavities. A real crystal therefore has a very discontinuous structure and 
possesses a large internal surface. D. Balarew (2) has strongly advocated 
the theory that contaminating substances are adsorbed at the internal 
surface of a crystal, and goes so far as to attribute all coprecipitations to 
this cause. 

In previous studies dealing with the corprecipitation of water and of 
foreign ions with calcium oxalate, it was found that contaminants appeared 
to diffuse out of the crystalline precipitates if the latter were allowed to 
age under the mother liquor before filtration. This phenomenon cannot 
always be attributed to a recrystallization, for the particle size is often too 
large for this to occur to any extent. Therefore, under these conditions, 
it may be assumed that the contaminant actually diffuses out through 
microscopically invisible cracks and capillaries in the crystals. In other 
words, the fresh crystals are very imperfect immediately after precipita¬ 
tion, but on standing there is a tendency for the cracks and capillaries to 
become filled with lattice material, this process resulting in the pushing 
out of foreign substances. If the perfection of the crystals would take 
place in such a way that the capillaries were entirely filled with lattice 
ions, it might be expected that all the foreign material would be extruded. 
From the experimental evidence presented in this paper it would appear 
that the perfection does not take place in such an idealized manner; in 
most cases dams are formed in the capillaries, and these prevent further 
effusion of adsorbed material from the inside to the outside of the crystals. 
Such crystals may have a large “isolated interior surface,” which no longer 
is in open communication with the outside. Moreover, a large part of the 
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internal surface becomes isolated during the growth of the crystalline 
precipitate. 

In the first part of this paper experiments will be described in which po¬ 
tassium iodate was added to a freshly formed suspension of calcium oxalate 
after the precipitation had taken place. After various times of shaking, 
the iodate in the supernatant liquid was removed by addition of iodide and 
dilute acid (insufficient to dissolve the precipitate but strong enough to 
allow a quantitative reduction of the iodate) and then thiosulfate; after 
the last trace of iodine had reacted, strong hydrochloric acid was added to 
dissolve the calcium oxalate, and the iodine liberated from the iodate in 
the precipitate quantitatively determined with dilute thiosulfate solution. 
In addition, experiments were made in which the effusion of iodate copre¬ 
cipitated with calcium oxalate was investigated after various treatments. 
The experimental procedure in the determination of the iodate content of 
the precipitate was similar to that described above. 

I. EXPERIMENTS WITH CALCIUM OXALATE 
A. Decrease of amount of coprecipitated iodate in calcium oxalate on standing 

Twenty-four cubic centimeters of 0.25 N calcium chloride mixed with 
10 cc. of 0.050 M potassium iodate was treated at room temperature with 
20 cc. of 0.25 N ammonium oxalate. The precipitate was allowed to stand 
in the liquid for the period of time indicated in table 1; 40 cc. of O.lOiV 
hydrochloric acid and potassium iodide was then added to the mixture. 
The iodine thus liberated was titrated first with 0.1 N thiosulfate and then 
carefully with 0.005 N until all the iodine was just removed, (starch as 
indicator). Concentrated hydrochloric acid was next added to dissolve 
all the precipitate and to liberate the iodate held internally. The amount 
of thiosulfate required to titrate the iodine liberated by the internal iodate 
is given in table 1. 

The precipitate obtained under the conditions just described recrystal¬ 
lizes and grows to larger size on standing, as microscopic observations 
show, so that the decrease in contamination is not due primarily to effusion 
of impurity from the crystals. These results are recorded for the purpose 
of comparison with the next series of experiments, which were made under 
conditions such that there could have been but little recrystallization. The 
precipitates described in table 2 were obtained by Hahn's procedure at 
room temperature in the presence of 10 cc. of 0.050 M potassium iodate. 
The time of precipitation was 5 minutes. Twenty cubic centimeters of 
0.25 N ammonium oxalate and 21 cc. of 0.25 N calcium chloride were used, 
the latte” being kept 1 cc. in excess during the addition. The volume at 
the end of the precipitation was 100 cc. 

It is evident that more than 50 per cent of the iodate has escaped from 
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Hahn’s precipitate after twenty-four hours standing. It is improbable 
that this purification can be attributed to recrystallization, for the crystal 

TABLE l 


Dependence of amount of iodate in calcium oxalate precipitated cold on time of standing 

after precipitation 


TIME OK STANDING 

IODATE IN PRFCIPITATE 

(as cc. op 0 005 N 
thiosulfate) 

TIME OF 8TANDINO 

IODATE IN PRECIPITATE 

(as CC. OF 0 005 N 

THIOSULFATE) 

hours 


hours 


0 

14 2 

4 

10.3 

0 

13 0 

19 

8 4 

1 

1 2 

11 8 

19 

8 65 

is 

11 9 

70 

8 7 

t 

1 2 

11 6 

73 

8 5 


11 5 

120 

7 8 

2 

10 5 

48* 

2 7 

4 

1 

10 95 




* Liquid diluted to 225 cc. after precipitation The high dilution decreases iodate 
concentration in solution and promotes recrystallization. 


TABLE 2 


Decrease of iodate content in precipitates (prepared according to F. L. Hahn) on 

standing 


NO 

PROCEDURE 

CC OF 0 0050 N THIOSULFATE REQUIRED 

1 

Precipitate dissolved immediately 
after precipitation 

42 9 

2 

Precipitate allowed to stand in so¬ 
lution from which precipitated, 
after 40 cc. of 0.10 N hydrochloric 
acid had been added and iodine 
removed, for 18 hours. Precipi¬ 
tate then dissolved and titrated 
with thiosulfate after removing 
free iodine. When titrated re- 



quired. 

24 6 

3 

Precipitate washed to remove io¬ 

Supernatant liquid contained iodate 


date and allowed to stand in 100 

equivalent to 19 cc. of thiosulfate 


cc. of solution containing 4 cc. of 

0 25 N calcium chloride for 25 
hours 

and the precipitate 23.8 cc. 

4 

As in 3; stood 48 hours 

Supernatant liquid then required 
21.1 cc. of thiosulfate and the pre¬ 
cipitate required 18.5 cc. 


size of the precipitate is larger than that of one formed by the ordinary 
method in the cold and which has stood for a week in solution. It should 
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also be remembered that Hahn's precipitate formed at room temperature 
contains very little higher hydrate, so that the purification cannot be as¬ 
cribed to the transformation of the higher hydrates into the monohydrate. 

Precipitates formed in hot solution generally show only a slight loss of 
iodate or other contaminant on standing at room temperature. The data 
will be omitted here. 

B. Diffusion of iodate into and internal adsorption by pre-Jormed 
calcium oxalate 

The results to be described furnish good evidence for the existence of 
internal surface in open communication with the exterior of the crystals 
of calcium oxalate. 

For the purpose of comparison, the results obtained with the precipitate 
formed in cold solution are presented; these results are neither distinctive 
nor conclusive, but lend greater weight to the conclusions drawn from the 
behavior of Hahn's precipitate (table 5). The precipitates were obtained 
by adding 20 cc. of ammonium oxalate to 24 cc. of calcium chloride, both 
0.25 N y at room temperature. The time of addition was 1 minute. After 
the specified time of standing, 10 cc. of 0.050 M potassium iodate was added 
and the mixture shaken as indicated in table 3. To determine the amount 
of iodate which had gone into the interior of the crystals it was only nec¬ 
essary to add dilute hydrochloric acid (40 cc. of 0.1 N was used) and 
remove the liberated iodine with thiosulfate, then to add concentrated 
hydrochloric acid to dissolve all the precipitate and finally to titrate the 
iodine liberated by the iodate in the particles. 

The reproducibility of these experiments is not particularly good. The 
anomalous results are explained by the existence of two opposing effects: 
diffusion into the crystal versus recrystallization and transformation of 
hydrates. 

The next series of precipitates (table 4) was obtained from hot solution. 
Ten cubic centimeters of 0.25 N ammonium oxalate was added rapidly 
dropwise to a mixture of 50 cc. of water and 12 cc. of 0.25 N calcium chlo¬ 
ride heated to 100°C. Twelve cubic centimeters more of calcium solution 
was then added to the main solution and again precipitated with 10 cc. 
of oxalate. This particular procedure was used to obtain crystals that 
would not be too small. The average crystal diameter was 0.5 to 1 micron. 
No recrystallization was apparent after a day, but it is not possible to say 
conclusively that none had taken place. The liquid containing the pre¬ 
cipitate was cooled immediately after precipitation by cold water. Ten 
cubic centimeters of *0.050 M potassium iodate was added 5 minutes after 
the end of the precipitation. The amount of iodate that had permeated 
the crystals was determined in exactly the same manner as described above. 

The variation in amount of post-occlusion with time is very ^regular. 
The effect of the aging of the crystals is well marked. 
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TABLE 3 

Diffusion of iodate into and adsorption by calcium oxalate precipitated at room 

temperature 


NO. 

TIME OF STANDING BEFORE 
ADDITION OF IODATE 

TIME OF SHAKING AFTER 
ADDITION OF IODATE 

IODATE IN PRE¬ 
CIPITATE (CC. OF 

0 0050 N thiosulfate) 

1 

0 minute 

£ minute 

0 15 

2 

0 minute 

1 minute 

0 3; 0 45 

3 

0 minute 

2 minutes 

0 55 

4 

0 minute 

5 minutes 

0 7 

5 

0 minute 

10 minutes 

1 0; 1 4 

6 

0 minute 

15 minutes 

1 05; 1.1 

7 

0 minute 

60 minutes 

1 85 

8 

0 minute 

180 minutes 

1 7 

9 

0 minute 

20 hours 

4 7; 5 4 

10 

0 minute 

48 hours 

5 5; 7 1 

11 

0 minute 

68 hours 

8 5 

12 

5 minutes 

15 minutes 

0 55 

13 

10 minutes 

15 minutes 

0 35 

14 

15 minutes 

15 minutes 

0 25 

15 

30 minutes 

15 minutes 

0 20 

16 

60 minutes 

15 minutes 

0 15 

17 

80 minutes 

100 minutes 

0 25 

18 

200 minutes 

24 hours 

6 3 

19 

24 hours 

29 hours 

3 0 

20 

26 hours 

3 days 

0 3 

21 

48 hours 

25 hours 

0 5 

22 

2 days 

5 days 

0 6; 0 2 

23 

3 days 

5 days 

0 3 


TABLE 4 


Diffusion of lodati into calcium oxalate precipitated hot 


TIME OF STANDINO BEFORE 
ADDITION OF IODATE 

IIMK OF SHAKING AFTER ADDITION 

OF IODATE 

IODA1F IN PRECIPITATE (CO 
OF 0 0050 N THIOSULFATE) 

5 minutes 

5 minutes 

0 4 

5 minutes 

10 minutes 

0 55 

5 minutes 

20 minutes 

0 6 

5 minutes 

30 minutes 

1 05 

5 minutes 

60 minutes 

1 1 

5 minutes 

120 minutes 

1 1 

5 minutes 

180 minutes 

1 15 

5 minutes 

20 hours (not shaken) 

1 85 

1 hour 

20 hours (not shaken) 

1 0 

1 hour 

2 hours 

0 9 

2 hours 

20 hours (not shaken) 

0 85 

20 hours 

2 hours 

0 4; 0 5 

3 days 

2 hours 

0 3 
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Finally we have the behavior of Hahn's precipitate. Twenty cubic 
centimeters of oxalate and 21 cc. of calcium were added simultaneously to 
50 cc. of water at room temperature, the calcium being kept 1 cc. in excess; 
time, 5 minutes. At the end of the precipitation, 3 cc. more of calcium 
chloride was added and immediately thereafter 10 cc. of 0.050 M potas¬ 
sium iodate; the mixture was then shaken (table 5). The internal iodate 
was determined as before. 

These results are decisive. The particle size of Hahn's precipitate is 
large enough to preclude the possibility of any appreciable recrystallization 
on standing at room temperature. The diffusion of iodate into calcium 
oxalate is rapid at first and then falls off. More than 25 per cent of the 

TABLE 5 


Diffusion of iodate into Hahn's precipitate formed cold 


TIME OP STANDING BEFORE 
ADDITION OF IODATE 

TIME OK SHAKING AFTER ADDI¬ 
TION OF IODATE 

IODATE IN PRECIPITATE (CC. OF 

0 0050 N THI08ULFATE) 

0 minute 

2 minutes 

1 2 

0 minute 

5 minutes 

1 5 

0 minute 

10 minutes 

2 1 

0 minute 

30 minutes 

2 4 

0 minute 

60 minutes 

3 15 

0 minute 

2 hours 

4 05 

0 minute 

21 hours 

3 7 

20 minutes 

10 minutes 

1 6 

40 minutes 

10 minutes 

1 0 

70 minutes 

10 minutes 

0 9 

20 minutes 

2 hours 

2 7 

40 minutes 

2 hours 

2 a 

1 hour 

2 hours 

1 75 

2 hours 

2 hours 

1 6 

4 hours 

2 hours 

1 0 

20 hours 

2 hours 

0 4 

44 hours 

2 hours 

0.25 


total amount of iodate has entered the crystal 2 minutes after precipita¬ 
tion and 50 per cent after 10 minutes. The aging of the crystals has a 
very marked effect on the amount of iodate taken up. The permeability of 
the crystal has decreased to 50 per cent of the original after an hour or 
two. These effects quite definitely indicate that calcium oxalate crystals 
have a discontinuous structure and that they tend to perfect themselves 
on standing in solution. 

DISCUSSION OF THE RESULTS 

1. Table 1 shows that calcium oxalate freshly precipitated at room tem¬ 
perature from fairly concentrated solutions loses fairly much occluded 
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iodate on aging; e.g., immediately after precipitation the amount of iodate 
corresponds to 14.2 cc. of 0.005 N thiosulfate, but after a few days equilib¬ 
rium is reached, and the figure falls to 7.8. The case here is rather com¬ 
plicated, since the primary precipitate consists of the higher hydrates of 
calcium oxalate and these undergo transformation into the monohydrate 
on standing, accompanied by an entire structural change and recrystalli¬ 
zation. Table 3 shows the pronounced porous character of calcium oxalate 
formed under the above conditions. The amount of iodate diffusing into, 
and being adsorbed at, the internal surface continually increases with the 
time of shaking and finally, after about two days, reaches a value almost 
identical with that found in calcium oxalate containing coprecipitated 
iodate, shaken for two days (see table 1). 

From this behavior it is not justifiable to infer, however, that the proc¬ 
esses of the effusion and diffusion are reversible, because other factors, 
such as transformation of higher hydrates with recrystallization, play a 
predominating role here. The figures in table 3 indicate that the changes 
take place within a short time after precipitation. 

2. Table 2 shows the slow effusion of coprecipitated iodate from calcium 
oxalate prepared at room temperature according to F. L. Hahn's proce¬ 
dure. Although no recrystallization takes place here on aging, the iodate 
content has decreased to about half of its original value after two days. 
The reverse process, namely, the diffusion into, and adsorption of iodate 
by, the internal surface is demonstrated by the figures in table 5. The 
aging process takes place very rapidly. Comparison of the amount of 
iodate adsorbed at the internal surface after a day (table 5, 3.7 cc.) with 
the amount of coprecipitated iodate in the crystals after the same period 
(table 2, 24.6 cc.) indicates that on aging only a small part of the capilla¬ 
ries is filled by lattice ions, and that the “isolated internal surface" is 
fairly large. Actually most of the iodate coprecipitated is buried within 
the crystal and has no chance to escape. 

3. Table 3 shows that calcium oxalate precipitated at 100°C. and al¬ 
lowed to stand at room temperature takes up only a very small amount 
of iodate. In agreement herewith it was found in the previous paper that 
calcium oxalate prepared under the above conditions loses hardly any 
coprecipitated iodate, if allowed to age at room temperature. Still the 
amount of coprecipitated iodate is fairly large (compare table 1 in previous 
paper (3)), thus showing that the “isolated internal surface" of calcium 
oxalate precipitated at 100°C. is fairly large and that the iodate is buried 
within the crystal. The internal surface in open communication with the 
outside is distinctly smaller than the same of a precipitate prepared at room 
temperature according to Hahn, even though the latter has a larger crys¬ 
tal size. (Compare tables 4 and 5.) 

4. Summarizing, it appears that: (a) Coprecipitated ions quite gener- 
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ally are adsorbed at the internal surface, (b) A distinction is to be made 
between (1) internal surface in open communication with the exterior of 
the crystal, and (2) isolated internal surface. A freshly prepared pre¬ 
cipitate very rapidly undergoes internal structural changes that result in 
an increase of the isolated internal surface and prevent any further effusion 
of coprecipitated material from within, or diffusion into, and adsorption of 
ions at its internal surface. The most effective purification of a precipitate 
is to be expected if the crystals by a slow dissolution and deposition proc¬ 
ess undergo an entire recrystallization. Calcium oxalate precipitated at 
100°C. and aged at room temperature loses hardly any coprecipitated 
iodate, whereas an effective purification is achieved if the digestion is 
carried out at higher temperature for a longer time. Under the latter con¬ 
ditions a real recrystallization takes place. 

II. PHENOMENA WITH POTASSIUM PERCHLORATE-PERMANGANATE 

To confirm the interpretation of the phenomena described with calcium 
oxalate and potassium iodate, experiments of a similar nature were made 
with potassium perchlorate and potassium permanganate. The object of 
these experiments was to determine whether permanganate could diffuse 
into crystals of potassium perchlorate and be adsorbed internally. If frac¬ 
tures and discontinuities exist in a real crystal of potassium perchlorate, 
such a crystal placed in a saturated solution of potassium perchlorate con¬ 
taining dissolved potassium permanganate should become stained by the 
latter. Those two salts are strictly isomorphous and if the effect expected 
actually exists it should be plainly shown by this pair. 

No detailed description of the experiments and the results will be given 
here—only the salient facts. It was found that crystals of c.p. potassium 
perchlorate immersed in a saturated solution of the same salt in 0.1 N 
potassium permanganate for a short time—an hour was sufficient—were 
colored distinctly pink after removal from this solution and after washing 
with a saturated solution of potassium perchlorate to remove adhering per¬ 
manganate. Recrystallized potassium perchlorate obtained by evaporat¬ 
ing a solution of the salt at room temperature also took up permanganate, 
but only slightly, so that the crystals were only faintly tinted. If the re¬ 
crystallized perchlorate was ground in a mortar to give fragments 10 to 100 
microns in diameter and these placed in permanganate as before, then it 
was found that so much potassium permanganate penetrated the crystals 
that they were colored a vivid red. The permanganate was actually in 
the interior of the crystals and not at or near the surface, as was proved by 
taking the colored crystals and shaking them with a volume of water in¬ 
sufficient to dissolve them all. The fragments remaining, though greatly 
reduced in size, were still colored. Even more drastic treatment failed to 
remove the color; the red crystals were shaken with a dilute solution of 
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hydrochloric acid and hydrogen peroxide; after a week in this mixture the 
perchlorate was still strongly colored. Microscopic examination of the 
colored crystals in reflected light under low magnifications showed that 
they were homogeneously colored, although some fragments were more 
strongly colored than others. It is impossible that the coloration of the 
crystals can be due to permanganate seeping into microscopically visible 
cavities or cracks. 

Beyond a manner of doubt, the permanganate has diffused into micro¬ 
scopically invisible breaks, faults, fractures, discontinuities, or capillaries 
in the lattice of the perchlorate and has been adsorbed at the internal sur¬ 
face. The phenomenon is not simply one of diffusion alone, for then any 
imperfect crystal would be colored by permanganate. This was found 
definitely not to be true. Thus, ground sodium chloride kept in perman¬ 
ganate for a long time remained perfectly uncolored except for an isolated 
particle or two which had been colored by permanganate that had pene¬ 
trated into some microscopic crack or cavity. The coloration of a crystal 
appears to be dependent upon adsorption or incorporation of the colored 
substance in the lattice. Thus in the case of potassium perchlorate- 
permanganate, the permanganate, being isomorphous with the first- 
named salt, will (end to perfect the lattice of this crystal if given the op¬ 
portunity to do so, i.e., a real crystal of potassium perchlorate immersed 
in permanganate will be colored by the latter as a consequence of the build¬ 
ing up of the lattice. If this be the correct explanation, an imperfect crys¬ 
tal of potassium perchlorate allowed to stand in its own saturated solution 
should no longer be able to take up permanganate. This was verified. 
Ground crystals of perchlorate which became strongly colored if first 
placed in potassium permanganate would no longer take up this substance 
to more than a very slight extent if first immersed in a saturated solution of 
potassium perchlorate. The behavior is very striking. The explanation 
is obvious. When the imperfect crystals were kept in contact with satu¬ 
rated perchlorate, potassium and perchlorate diffused into the discontinui¬ 
ties and filled them by building up the lattice. Permanganate was there¬ 
fore unable to color the crystals when they were later brought into contact 
with it. It is evident that crystals of perchlorate which have formed 
by slow evaporation and which have stood for some time in the saturated 
solution should take up but little permanganate as already described. 
Crushing the crystals of the salt should expose the openings of more inter¬ 
nal surfaces. Therefore the ground crystals should be colored much more 
strongly, as was actually found. It is also possible that the stress of grind¬ 
ing causes more faults to appear in the lattice. 

The first well authenticated instance of artificial coloration of a crystal 
appears to have been reported by Vater (4), who found that an artificial 
crystal of calcite immersed in Thoulet’s liquid (a solution of mercuric iodide 
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in potassium iodide) became colored yellowish-brown; the coloration was 
hastened by boiling the crystals with the solution. Cleavage fragments of 
Iceland spar became similarly colored. The coloring was entirely homo¬ 
geneous; the crystals were pleochroic. The last observation is especially 
worth noting. If the crystals were immersed in water they became color¬ 
less after a time. The coloration of Vater’s crystals was probably due to 
iodine. 

Retgers (5) emphasized the extreme importance of these results. 
Strangely enough these observations of the permeability of crystals to 
solutions do not appear to have aroused much attention. The number of 
instances of artificial coloration of crystals has remained small. 1 Instances 
of permeability of crystals to gases are also known, for example, oxidation 
and change of color of olivine kept in the atmosphere. These facts all 
speak for a mosaic structure of real crystals. 

III. PHENOMENA WITH BARIUM SULFATE-POTASSIUM PERMANGANATE 

D. Balarew (2) found that freshly precipitated barium sulfate allowed to 
stand in potassium permanganate solution was able to take the latter 
substance into the crystals and give a colored precipitate; he also noted the 
effect of aging and drying. Such treatment diminished markedly the 
power of barium sulfate to become colored. Experiments of a similar 
nature have been made in this laboratory; they can be carried out in a very 
simple way and offer a striking demonstration of the secondary structural 
changes taking place in a fresh precipitate on aging. Freshly prepared 
barium sulfate shaken immediately after precipitation with a permanga¬ 
nate solution assumes a slightly pink color after a few minutes. The in¬ 
tensity of the latter—an indication of the amount of permanganate in the 
crystals—increases with time, and approaches a maximum after a day or 
two. Such a precipitate after washing is still red, and retains the color if 
shaken for a week or longer with a solution of hydrogen peroxide in strong 
hydrochloric acid. If the barium sulfate is allowed to stand after pre¬ 
cipitation for some days and then treated with permanganate, hardly any 
of the latter compound is taken up, thus showing that the porous character 
has materially decreased or that most of the pores have been blocked by 
dams of barium sulfate. 

1 Toward the end of the nineteenth century the European jewelers were alarmed 
by reports that yellowish diamonds were being transformed into clear colorless ones 
by immersion in solutions of blue dyestuffs Retgers (5), who mentions this incident, 
regarded it as quite possible that the dye had actually diffused into the crystal in 
these cases and rendered the diamond colorless (blue and yellow being complemen¬ 
tary colors). It appears improbable that a film of dye on the exterior could produce 
this effect. The alchemists were familiar with the decoloration of yellow diamonds 
by indigo solution (Ferrandus Imperatus, 1695). (See Janettaz: Bull soc min. 
14, 65 (1893).) 
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It may be mentioned in conclusion that ground crystals of potassium 
sulfate kept in potassium chromate and potassium manganate solutions 
become faintly yellow and bluish-green respectively. A more thorough 
study of internal adsorption by crystals and of a secondary structural 
change taking place in a fresh precipitate is planned for the future. 

SUMMARY 

1. A fresh precipitate of calcium oxalate or barium sulfate prepared at 
room temperature forms very inhomogeneous crystals, showing a porous 
structure. Diffusion of solution into the capillaries followed by adsorption 
of solution at the internal surface takes place, if the adsorbent is added 
after the precipitation. Precipitates prepared at 100°C. show a similar 
behavior, but one not as pronounced as when obtained at room tempera¬ 
ture from relatively concentrated solutions. 

2. Freshly prepared precipitates on aging undergo rapid structural 
changes which result in an incomplete perfection of the crystals. Only 
a small part of the capillaries is entirely filled by the lattice material, most 
of them being blocked by the latter, thus isolating the internal surface 
from the outside. The isolated internal surface is much larger in a pre- 
eipitate obtained from hot than from cold solutions. 

3. Coprecipitated foreign substances in crystalline precipitates are ad¬ 
sorbed on the internal surface. A purification occurs on aging by effusion 
of part of the contaminants through the capillaries; the impurities at the 
isolated internal surface , however, cannot be expelled. 

4. A slow recrystallization of a precipitate via the solution yields rela¬ 
tively perfect and pure crystals. 

5. Most crystalline salts may be expected to have a relatively large 
isolated internal surface. The latter can be partly exposed by grinding the 
crystals to smaller dimensions. 
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INTRODUCTION 

As a result of the investigation carried out on charcoal (1), it was de¬ 
cided to employ silica gel to see if the step-like structure of the isothermal 
could also be obtained in this case by the modified static technique. The 
apparatus and general methods used were identical with those in the pre¬ 
vious paper, except that the evacuation was carried out at 110°C. A fur¬ 
ther slight alteration in technique was also necessary, since carbon tetra¬ 
chloride and water vapors (displaced from the gel) cannot be satisfactorily 
separated by a refrigerant. It was found also that when carbon tetrachlo¬ 
ride was heated to 100°(\ in the closed container it reacted with the water 
in the gel, giving rise to phosgene and hydrochloric acid. The container 
was charged and heated to 100°C. with the tap closed as before and then 
opened with liquid air on the freezer and as much vapor drawn off as pos¬ 
sible. This was pumped away and the gel charged with a fresh sample of 
carbon tetrachloride. In this way displaced water, hydrochloric acid, and 
phosgene were removed. It was realized that this form of flushing out 
might be too drastic in the present case, thereby causing the gel to deteri¬ 
orate. The water in the unevacuated gel will be held in two ways, partly 
as adsorbed vapor and partly as a constituent of the gel structure. Ad¬ 
mittedly the two forms merge, since the adsorbed molecules which are 
directly attached to the active centers must be so strongly held that they 
may be considered to be quasi-chemieally attached and therefore similar 
to the structural water. If the carbon tetrachloride reacts with the struc¬ 
tural water it will cause the gel to deteriorate, but if it only reacts with the 
adsorbed water, it will cause a cleaning-up of the surface, thereby increas¬ 
ing the capacity of the gel. 

In any case the adsorbed water will be driven off and that is the first 
object of this investigation —the attainment of a surface free from foreign 
adsorbed matter. 
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EXPERIMENTAL 

Carbon tetrachloride isothermals on silica gel at 25°C. 

A sample of just over 6 g. of gel was evacuated at 110°C. to a pressure of 
9 X 10~ 4 mm. It was then charged with carbon tetrachloride at 100 mm. 
pressure, the container tap closed, and the vessel heated at 60°C. for three 
hours. The container was then opened with liquid air on the freezer and 
as much vapor as possible removed. This was pumped away and the 
container recharged at 50 mm. The same procedure was adopted as be¬ 
fore and it was again charged at approximately 4 mm. at 25°C., the initial 
quantity of carbon tetrachloride adsorbed being 150.6 mg. per gram. The 



isothermal consisted of a desorption curve, followed by resorption to a 
much higher pressure than previously and further desorption, and is shown 
in figure 1. 

The complete isothermal comprises 175 points taken over a pressure 
range of 7 mm. The agreement between the calculated quantity values 
and those obtained by weighing is good. 

Calculated quantity Quantity by weight 

145 27 mg. per gram 145 3 mg. per gram 

142 18 mg. per gram 141 8 mg. per gram 

Equilibrium was almost as rapid as in the experiment on charcoal (1) 
in the case of desorption, but sorption was definitely slower, taking a 
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quarter of an hour to reach equilibrium, after which no change was observed 
after standing for twenty hours. 

The isothermal was not found to be reproducible, although the pressures 
at which the breaks occur remained the same, whether on sorption or 
desorption curves. With successive sorptions or desorptions, the quantity 
for any given pressure decreases, the gel thus becoming definitely poorer 
for carbon tetrachloride. From this it would appear that the latter is 
continuously removing water from the gel, including some of the structural 
water. This will be dealt with later in the discussion of the benzene iso¬ 
thermals. A few points were determined at lower quantity values to 
ascertain the pressures at which the breaks occur. The values for the 
latter in the different series are given in table 1, together with those ob¬ 
tained by the modified retentivity technique. 


TABLE 1 

Pressures {in millim* in s) at which the breaks occur 


ST A ri( 

MODIFIED RETENTIVITY 

Desorption 

Resorption 

Redesorption 



7 90 




7 44 




6 28 




5 10 




4 00 

4 01 



3 78 

3 77 

3 19 

1 3 13 

3 14 

3 15 

2 59 

2 02 

2 50 

2 04 

2 08 

2 07 

2 08 

2 00 

1 50 


1 51 

1 45 



1 18 

1 14 

. . — 

_ — — 

— — — 

_ — 


The agreement in all cases is good, especially in view of the fact that for 
the final desorption curve of the static experiment, the gel was charged to 
50 mm., whereas in the retentivity experiment it was charged at 8.4 mm. 
The quantity of vapor adsorbed at 50 mm. was 170.7 mg. per gram. The 
sequence of breaks has been plotted against the pressures at which they 
occur (figure 2). As will l>c seen, a smooth curve results within experimen¬ 
tal error. In figure 3 comparison is made with an isothermal determined 
by the modified retentivity technique and one obtained by the static tech¬ 
nique without employing any flushing of the gel, the individual points 
being plotted in the latter case only. 

The latter was carried out some years ago and it was concluded that the 
isothermal gave a smooth reversible curve. It was seen, however, by com¬ 
parison with the later retentivity work, that the whole range covered 
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corresponded to a vertical portion of the isothermal. In each case the 
initial charging pressure was the same. In view of this result it was deemed 
advisable to repeat the benzene isothermal by the new static technique. 




Benzene isothermals on silica gel at 25°C . 

Seven and four-tenths grams of gel was evacuated to 1 X 10~ 8 mm. 1 at 
110°C. and charged to 42 mm. pressure at room temperature. The tap 
was closed and the gel heated to 50°O. for two hours. It was then opened 
with liquid air on the freezer and as much benzene and water removed as 
was possible. This was pumped away and the gel recharged to 50 mm. 
pressure, and the container heated at 230°C. for three hours with the tap 



121 


122 


uo 

Q. « «• *»• 


Fia. 5 


The initial quantity sorbed was 60.9 mg. per gram and the final 58.2 mg. 
per gram (58.19 by pressure change method). Reference to figure 5 A 
shows the isothermal (o be quite definitely rectangular in shape. 
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A second sample of gel (6.56 g.) was evacuated to 8 X 10~ 4 mm. at 110°C. 
and charged at room temperature to 20 mm. The tap was then shut and 
the temperature raised to 100°C. for two hours. All vapor was removed as 
in the previous case and the gel recharged to 50 mm., the initial quantity 
being 125.6 mg. per gram. A desorption isothermal was carried out, the 
final quantity being 117.5 mg. per gram (118.01 by the pressure change 
method). The gel was then recharged to 50 mm., the quantity adsorbed 
being 145.4 mg. per gram, and a desorption isothermal carried out to 119.3 
mg. per gram (120.39 by pressure change method). Reference to figure 5 B 
shows that the steps in the first desorption isothermal are very well defined, 
whereas they are not quite so definite in the second desorption, although 
they are undoubtedly present. Insufficient points were taken at higher 
pressures to identify the breaks, but the curve is definitely discontinuous. 
In figure 4 B, the previous results (2), which employed no flushing out 
technique, have been added and it shows that the differences between the 
isothermals are small at low pressures. The fact that the breaks are not 
so well defined on the final desorption isothermal is of interest, since equilib¬ 
rium was not established so rapidly on this curve as in other cases. Pre¬ 
viously this fact has been definitely connected with an unclean surface, 
and thus it would seem that more water has been turned out of the gel by 
the high pressure charge. This is borne out by the fact that the gel has 
slightly improved as regards its capacity for benzene. The isothermal of 
the gel which was flushed out at 230°C. shows that this treatment has been 
too drastic and the gel has deteriorated. It has been shown (Part I of this 
series and the present paper) that flushing out at 100°C\ gives similar re¬ 
sults, whether the charcoal has been previously evacuated to 110° or 800°C. 
Thus, the effect of flushing out the gel at 230°C\ would probably correspond 
to an evacuation temperature of over 1000°C., and the gel would most 
certainly break down under these conditions. 

A comparison of the effect of recharging on the carbon tetrachloride a#id 
benzene isothermals shows that the former is a much more powerful agent 
for the removal of water from the gel. On recharging with benzene a 
definite cleaning-up effect was observed, whereas with carbon tetrachloride 
successive recharges caused the capacity of the gel to lessen. In all these 
experiments on silica gel the equilibrium has not been established quite so 
rapidly as on a clean charcoal surface. The reason is obvious, since one 
can never remove all the water from the gel, hence one can only obtain 
rectangular breaks on successive sorption and desorption isothermals when 
it is actually the structural w T ater which is being removed, causing the capac¬ 
ity of the gel to lessen for the given vapor. 

Thus isothermals on silica gel cannot be obtained as accurately as those 
on charcoal, since the surface is never entirely free from foreign adsorbed 
vapor unless water is the vapor whose isothermal is under determination. 
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Carbon tetrachloride isothermal on charcoal at 25 °C. 

A further experiment was carried out with carbon tetrachloride on Char¬ 
coal D1 (2) to see whether the C x O y , which (Part I) had been removed by 
800°C. evacuation followed by flushing with vapor, could be removed 
by 110°C. evacuation and flushing in a manner similar to the previous 
experiments with silica gel. Approximately 4 g. of charcoal were evacu¬ 
ated in the usual manner till a pressure of 8 X 10~ 4 mm. at 110°C. was 
reached. The evacuated charcoal was then charged with carbon tetra¬ 
chloride to a pressure of 54 mm. and heated to 50°C. with the container 
tap closed. This was allowed to cool overnight. After eighteen hours 
the container was heated to 110°C. for two hours and opened to liquid air 

TABLE 2 

Carbon tetrachloride isothermal on charcoal 


p 

Q 

P 

Q 

mm 

mg per gram 

mm 

mg per gram 

7 14 

307 14 

4 10 

296 39 

7 15 

306 18 

3 54 

295 92 

6 60 

305 29 

3 54 

295 45 

6 60 

304 40 

3 54 

294 98 

6 00 

303 59 

3 08 

294 57 

6 00 

302 78 

3 06 

294 16 

5 48 , 

302 04 

3 02 

293 76 

5 48 

301 30 

72 hours rest 


5 18 

300 60 

3 02 

293 36 

5 18 

299 90 

2 62 

293 01 

4 58 

299 28 

24 hours rest 


4 58 

298 66 

2 62 

292 66 

4 58 

298 04 

2 62 

292 31 

4 10 

297 49 

2 62 

291 96 

4 10 

296 94 

2 28 

291 66 



2 28 

291 36 


for one hour, 30.53 mm. of carbon dioxide being evolved. This carbon 
dioxide, which was measured by placing melting methylcyclohcxane on 
the freezer, was pumped away and the carbon tetrachloride allowed to 
stream back on the cool charcoal. 

The container tap was shut and the pressure raised to 100°C. for two 
hours. The same procedure was adopted as in the previous case, 11.04 
mm. of carbon dioxide being evolved. This was pumped away and the 
carbon tetrachloride allowed to stream back. The container was now 
heated to 120°C. for two hours, 1 X 10~* mm. of carbon dioxide l>eing 
evolved. A total of 41.6 mm. of carbon dioxide has thus been displaced 
by the carbon tetrachloride after evacuation to 8 X 10 4 mm. at 110°C., 
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as compared with a total of 14 mm. of combined oxygen after evacuation 
to 2 X 10~ 3 mm. at 800°C. The initial quantity of carbon tetrachloride 
adsorbed was 308.1 mg. per gram. The isothermal consisted of a single 
desorption curve and the results are given in table 2. 

The quantity value by weight = 291.7 mg. per gram, which agrees 
with that found by the pressure change method. 

It is obvious from the figures that the isothermal consists of a series of 
steps in just the same way as the isothermal on the 800°C. evacuated char¬ 
coal. 

Equilibrium was almost instantaneous, similar to when carrying out the 
carbon tetrachloride isothermal on silica gel. In the 800°C. evacuated 
isothermal the quantity adsorbed at 5.24 mm. was 266.9 mg. per gram, 
whereas in the present case the quantity is 301.0 mg. per gram. This is 

TABLE 3 


Pressures (in millimeters) at which the steps occur 


110°C. EVACUATION 

800°C EVACUATION 

1st desorption 

2nd desorption 

7.14 



6 60 



6.00 



5.48 



5 18 

5 24 


4 58 

4 70 

4 71 

4 10 

4 12 

4 12 

3 54 

3 57 

3 56 

3 02 

3 02 

3 07 

2 62 


2 60 

2 28 


2 34 


the type of agreement one obtains at lower pressures with two samples of 
an underactivated charcoal, this difference tending to lessen at higher pres¬ 
sures. Two samples of charcoal A (3) charged at 33 mm. with carbon 
tetrachloride at 15°C. gave the following figures after drift had been over¬ 
come: sample 1, 337.3 mg. per gram; sample 2, 312.5 mg. per gram. 

A comparison of the pressures at which the steps occur has been made in 
table 3. 


DISCUSSION 

Fair agreement has been obtained between the 110°C. and 800°C. 
evacuation isothermals, showing that either method is effective for remov¬ 
ing the C x O y . The sequence of the breaks against the pressures for the 
110°C. isothermal has been plotted in figure 2. 
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In view of the many ways in which carbon dioxide has been found to 
affect the determination of isothermals on charcoal, and water to affect 
those on silica gel, it appeared advantageous to collect some of these data 
and present them in the present paper. 

In all previous work, the isothermals represent poisoned and not true 
isothermals. This is most serious in those cases where authors have not 
adopted any flushing method and particularly so when the original evacua¬ 
tion has been carried out at low temperatures. It is not so serious if the 
original temperature of evacuation was high, but, even so, the poisoning 
effect is still present. One can, however, get apparent reproducibility in 
many cases, but the fact that the isothermal is nevertheless poisoned is 
demonstrated by the increase of quantity adsorbed in a carbon tetrachlo¬ 
ride isothermal after 800°C. evacuation, when compared with one evacuated 
at 110°C., when using a highly activated charcoal. 

A further instance of this (2) was noticed with a water isothermal on 
Charcoal B (3). Here the isothermal was apparently reversible until the 
original charging pressure was exceeded, when carbon dioxide was evolved 
and the isothermal showed that drift had taken place. An isothermal 
showing further instances of this will be given in Part III of this series. 

In this connection a very serious criticism may be made regarding almost 
all previous static experiments, in that no attempt has been made to sepa¬ 
rate the vapor concerned from the carbon dioxide and carbon monoxide 
evolved fronv the surface of the charcoal, or water from the silica gel. 
However well the surface may have been evacuated, considerable quanti¬ 
ties of gas are evolved from the surface by the action of the vapor whose 
isothermal is under determination. The author has found 2 mm. of car¬ 
bon dioxide to be present in the vapor phase after saturating charcoal at 
a pressure of lb mm. of water vapor. Considerable quantities have been 
noted in other cases also (2). It is of interest to mention the extraordinary 
cleaning-up effect noted in the same paper with amyl alcohol, where a 
slightly higher charge raised the quantity adsorbed from 133 mg. per gram 
to 396 mg. per gram. Similar instances have been noted in a recent paper 1 
on the sorption of vapors by unactivated charcoal. Again carbon dioxide 
or the C x () % , has been found to exert a very serious influence on both the 
numl>er and pressures of the breaks. In many instances the pressure of a 
given break is raised, while in other cases extra breaks are added owing to 
the presence of caibon dioxide on the charcoal surface. In all cases the 
resultant isothermals consist of a series of curves until the surface is clean, 
when rectangular steps will result (Part I of this series). An indication 
that the surface of the adsorbing body is clean is given by the adsorption 
being instantaneous whether during sorption or desorption. The ^ame 

1 Submitted to the Transactions of the Faraday Society for publication. 
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applies if one is freezing out a constituent vapor from a mixture, equilib¬ 
rium being slow, but if the gas is a pure substance, then equilibrium is 
instantaneous. 


SUMMARY 

The effect of flushing out with vapor has been noted in isothermals on 
silica gel. 

The change in the position of the isothermals on recharging with vapor 
has been examined. 

The pressures at which breaks occur in isothermals on silica gel deter¬ 
mined by the modified retentivity and static techniques have been com¬ 
pared. 

The resultant isothermal, after flushing out a charcoal which had been 
evacuated at 110°C., has been compared with one evacuated at 800°C. 
and the pressures at which the breaks occur have been tabulated. 

Some effects of carbon dioxide on the determination of isothermals have 
been noted. 
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It is well-known from the work of Usher and Priestly (1), and Baly and 
coworkers (2) that carbon dioxide and moisture under the influence of 
light are converted into formaldehyde. Moore and Webster (3) claimed to 
have obtained formaldehyde by exposing solutions of colloidal uranic 
hydroxide through which carbon dioxide was passed. Dhar and Sanyal 
(4), and Gopalrao and Dhar (5) have made extensive investigations on this 
point and established the formation of formaldehyde from water and 
carbon dioxide under the influence of light and photosensitizers, such as 
chlorophyll, ferric chloride, zinc oxide, methylene blue, methyl orange etc. 

The conversion of formaldehyde to sugars under the influence of light 
has been reported by Baly and coworkers (2), Dhar and Sanyal (4), and 
Gopalrao and Dhar (5). 

That some of the aliphatic acids, such as tartaric, acetic, and oxalic acid 
and others, decompose in the presence of light and give carbon dioxide is 
also known from the work of Ciamician and Silber (6), Pierce and Morey 
(7), and others. 

It occurred to the author that in such cases the carbon dioxide molecule, 
just at the time of its liberation from the acid molecule, might be in a more 
reactive condition than the ordinary carbon dioxide molecule, and in the 
presence of strong illumination might easily be converted into sugars, 
without the aid of any photocatalyst. 

The results obtained in an investigation carried out with a view to test 
the above idea are embodied in the present paper. 

EXPERIMENTAL 

Aqueous solutions of tartaric acid, aldehydes, alcohols, and mixtures of 
tartaric acid with aldehydes or alcohols were exposed to sunlight with and 
without photosensitizers in sealed tubes of soft glass, Pyrex conical flasks 
covered with beakers, and quartz vessels. Portions of the same solutions 
were kept in bulbs and conical flasks also in the dark. The solutions 
exposed and unexposed were examined periodically and simultaneously. 
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Benedict’s 1 solution was used to test sugars, as Fehling’s solution is also 
reduced by formaldehyde. In the experiments carried out in darkness no 
sugar formation was detected. 


TABLE 1 


EXPERIMENTS 

TIME OF 
EXPOSURE 

RESULTS 


Hours 


1. Tartaric acid alone... . 

15 

No sugar detected 

* Tartaric acid alone. 

125 

No sugar detected 

2. Tartaric acid 4- zinc oxide 

15 

No sugar detected 

3. Tartaric acid + ferrous sulfate. 

15 

No sugar detected 

4. Tartaric acid + sodium bicarbonate. 

100 

No sugar detected 

TABLE 2 



EXPERIMENTS 

TIME OF 

RESULTS 


EXPOSURE 



hours 


1. Formaldehyde alone. 

15 

Formic acid de- 



tected; no sugar 

* Formaldehyde alone. 

125 

Formic acid de¬ 



tected; no sugar 

2. Formaldehyde + zinc oxide . 

15 

Formic acid de¬ 



tected; no sugar 

* Formaldehyde + zinc oxide . 

125 

Formic acid de¬ 



tected; no sugar 

3. Formaldehyde 4- calcium carbonate 

15 

No sugar detected 

4. Formaldehyde 4- magnesium carbonate. 

15 

No sugar detected 

5 Formaldehyde 4* zirconium nitrate 

30 

No sugar detected 

6. Formaldehyde + cupric nitrate. 

30 

No sugar detected 

7. Formaldehyde + sodium hydroxide 

30 

No sugar detected 

8. Formaldehyde 4- dilute sulfuric acid 

30 

No sugar detected 

9. Formaldehyde 4- magnesium nitrate 

30 

No sugar detected 

10. Formaldehyde 4- tartaric acid. 

84 

Presence of sugar 



detected * 

* Formaldehyde 4- tartaric acid. 

100 

Presence of sugar 



detected 


1 In this paper, wherever it has been observed that Benedict’s solution is reduced, 
it has been inferred that reducing sugars are formed. One of the possible objections 
against this inference may be that in such eases we might actually be dealing with 
reducing agents which are not sugars. Dhar and Sanyal (J. Phys. Chem. 29, 926 
(1925)), Gopalrao and Dhar (Ibid. 35,1426 (1931)) observed that whatever may be the 
behavior of Fehling’s solution, Benedict’s solution is not reduced by aldehydes. 
Baly, Heilbron, and Barker (J. Chem. Soc 119,1028 (1921)) reported having obtained 
tests with Benedict’s solution which indicate the formation of sugar being equivalent 
in reducing power to 0 04 g. of glucose. A large number of experiments carried out by 
the huthor also lead to the same conclusion. It appears therefore to be quite safe to 
conclude that the reducing substances formed in experiments reported in this paper 
are reducing sugars. 




SUGARS FROM TARTARIC ACID AND ALDEHYDES 


747 


The glass bulbs, conical flasks, and quartz vessels were carefully cleaned 
with hot chromic acid mixture and washed several times with distilled and 
finally with conductivity water. The solution of tartaric acid was prepared 
in conductivity water after boiling vigorously and it was kept in a stoppered 


TABLE 3 


EXPERIMENTS 

TIME OP 
l XPOSURE 

RESULTS 


hour » 


1. Acetaldehyde alone 

84 

No sugar detected 

* Acetaldehyde alone . 

125 

No sugar detected 

2. Acetaldehyde + zinc oxide 

10 

No sugar detected 

* Acetaldehyde + zinc oxide . .. 

125 

No sugar detected 

3. Acetaldehyde + potassium nitrate . 

30 

No sugar detected 

* Acetaldehyde 4- potassium nitrate . 

125 

No nitrite detected 

4. Acetaldehyde 4- magnesium nitrate 

125 

No nitrite detected 

5 Acetaldehyde + tartaric acid. 

84 

Presence of sugar de¬ 
tected 

* Acetaldehyde + tartaric acid. 

100 

Presence of sugar de¬ 
tected 

TABLE 4 



* XPF RIMLN1H 

TIME OF 

RFSUL1S 


EXPOHURF 


a 

hours 


1. Butyl alcohol alone ... 

28 

No sugar detected 

2. Butyl alcohol + zinc oxide. 

28 

No sugar detected 

3. Butyl alcohol + tartaric acid . 

47 

Presence of sugar 
detected 

4. Amyl alcohol alone. 

28 

No sugar detected 

* Amyl alcohol alone... 

125 

No sugar detected 

5. Amyl alcohol + zinc oxide 

28 

No sugar detected 

* Amyl alcohol + zinc oxide . 

100 

No lugar detected 

6 Amyl alcohol + potassium nitrate. 

100 

No sugar detected 

7. Amyl alcohol + magnesium nitrate. 

100 

No sugar detected 

8 Amyl alcohol + tartaric acid 

47 

Presence of sugar 
detected 

* Amyl alcohol -f tartaric acid 

100 

Presence of sugar 
detected 

9 Ethyl alcohol alone 

28 

No sugar detected 

10 Ethyl alcohol + tartaric acid 

24 

Presence of sugar 
detected 


Jena glass bottle. The other solutions were also made in conductivity 
water. 

The tubes and flasks were exposed to the sun for periods varying from 
fifteen to eighty-four hours over several days (see tables 1 to 4). Some of 
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the experiments marked with asterisks were repeated and the period of 
exposure was extended up to one hundred and twenty-five hours to ensure 
accuracy. 

Equimolar solutions of tartaric acid, formaldehyde, butyl alcohol, and 
amyl alcohol were prepared in conductivity water. One hundred cubic 
centimeters of the solution of tartaric acid was mixed with 100 cc. each of 
the formaldehyde, butyl alcohol, and amyl alcohol solutions, respectively. 
The mixtures were exposed to the sun in quartz vessels for a period of 
forty hours. 

The different mixtures were then titrated with Benedict's solution 
standardized with glucose solution (0.4294 g. per liter) with usual precau¬ 
tions. The results are given in table 5. 

TABLE 5 

Benedict’s 

SOLUTION EQUIMOI AR MIXTURES EXPOSED IN QUARTZ VESSELS 

1 cc. 33 7.5 cc. of (amyl alcohol + tartaric acid in mixture) 

1 cc. ss 9.4 cc. of (formaldehyde -f* tartaric acid in mixture) 

1 cc. 3= 14.8 cc. of (butyl alcohol -f tartaric acid in mixture) 

5 cc. ss 7.0 cc. of glucose solution (0.4294 g. per liter) 


DISCUSSION OF RESULTS 

From tables 1, 2, 3, and 4 it is clear that there is no production of reduc¬ 
ing sugars when aqueous solutions of tartaric acid, formaldehyde, acetal¬ 
dehyde, and alcohols are exposed alone and with photosensitizing agents 
such as zinc oxide, ferrous sulfate, zirconium nitrate, cupric nitrate, etc. 

Sugars are found to be formed only in mixtures of tartaric acid with 
aldehydes or alcohols. 

Table 5 contains the results of semiquantitative experiments carried out. 

The reactivity of the nascent carbon dioxide has been reported recently 
by Rajwansi and Dhar (8) in the formation of formaldehyde by exposing 
an aqueous solution of sodium bicarbonate. 

The absence of sugars in aqueous solutions of tartaric acid or formal¬ 
dehyde, and the presence of reducing sugars detected in the mixtures of 
tartaric acid and formaldehyde suggests that by virtue of the reducing 
properties of the aldehydes t he nascent carbon dioxide formed during the 
decomposition of tartaric acid under the influence of light is reduced to 
carbon monoxide according to the equation: 

C0 2 + HCHO = 2CO + H 2 0 

That ultra-violet light converts carbon dioxide to carbon monoxide is 
shown by Herchefinkel (9) and later by Coehn and collaborators (10). 
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It is reported by Berthelot and Gaudechon (11) that the presence of reduc¬ 
ing substances facilitates the reaction C0 2 +=*C0 + O Gopalrao and 
Dhar (reference 5, Part I) have also stated that such a decomposition takes 
place in visible hght in presence of methylene blue or chlorophyll. The 
nascent carbon monoxide thus formed, owing to the reduction of carbon 
dioxide by aldehydes, reacts with water giving formaldehyde, and this 
nascent formaldehyde is polymerized to sugars This explanation can be 
supported by the schemes of photosynthesis of sugars formulated by 
Heilbron (12) and Gopalrao and Dhar (reference 5, Part II) They 
emphasize the reactivity of the nascent state of formaldehyde for the 
formation of sugars 

During the expenments the alcohols are slightly oxidized to aldehydes, 
and the aldehydes thus formed explain the formation of sugars in the 
mixtures of tartanc acid and alcohols 

SI MMAItt 

(1) Aqueous solutions of tartanc acid and mixtures of tartaric acid with 
aldehydes or alcohols were exposed to tropical sunlight for varying penods 
of time 

(2) In solutions containing tartanc acid or fonnaldehyde only, no trace 
of sugar could be detected even after very long exposure 

(3) Sugar formation has been detected in mixtures of tartaric acid and 
aldehydes or alcohols 

(4) The probable rdle of the aldehydes has been suggested 
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The object of this work was to make a contribution to the theory of pro¬ 
totropic reactions, and with this end in view it was decided to study the 
enolization of acetoacetic ethyl ester by measuring the rate of bromination. 

In aqueous solution the equilibrium 

CH 3 COCIl 2 COOC 2 H 6 ♦=* CHjCOH CIICOOCJI* 

is displaced mainly in favor of the ketone, the concentration of enol being 
only 0.4 per cent of the total concentration of the ester. 

It is well known that bromine reacts practically instantaneously with 
the enol, while it does not affect the ketone appreciably. This fact is 
used in Meyer’s (J) method for estimating the enol content of the equilib¬ 
rium mixture by titration with bromine water. If bromine is added to an 
aqueous solution of acetoacetic ester, the enol is removed by the bromine 
as soon as it is formed. Therefore, in the amount of bromine used we 
have a measure of the progress of enolization. 

A similar mechanism was first suggested by Lap worth (2) for the reac¬ 
tion between acetone and halogen in aqueous solution. Here the rate of 
halogenation is a measure of the velocity of enolization of acetone. In 
agreement with this explanation Lapworth found that the velocity was 
independent of the concentration and the nature of the halogen. 

The kinetic experiments on the reaction of acetoacetic ester and bro¬ 


mine described in this paper agree with the following explanation. The 
reaction takes place in four steps: 

CHaCOCH 2 COOC 2 H 6 —> CHjCOH: CHCOOC 2 H 6 (la) 

CHaCOH : CHCOOC 2 Ht + Br 2 —► CH,COCHBrCOOC 2 H* + H + + Br" (lb) 

CH,COCHBrCOOC 2 H6 CH,COH:CBrCOOC 2 H* (lc) 

CHaCOH :CBrCOOC 2 H 6 + Br 2 -> CH.COCBraCOOCjH* -fH + + Br~ (Id) 
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752 


KAI JULIUS PEDERSEN 


Thus the reaction does not stop when a-monobromoacetoacctic ester is 
formed, but this substance takes up more bromine giving the final product 
a,a-dibromoacetoacetic ester. The rates of bromination of the enol forms 
of acetoacetic ester (lb) and of monobromoacetoacetic ester (Id) are so great 
compared with the rates of enolization of the keto forms, that the reactions 
la and lc determine the velocity of the total reaction. In agreement with 
this the concentration of bromine was always found to be without influ¬ 
ence on the velocity of bromination. 

From these assumptions we shall now deduce a mathematical expression 
for the amount of bromine used by the reaction t minutes after its start. 
We use the following symbols: 

HR = keto form of acetoacetic ester, 

HR' = keto form of a-monobromoacetoacetic ester, 

R" = a,a-dibromoacetoacetic ester, 

c = initial concentration of acetoacetic ester (ketone and enol), 

€ = degree of enolization at keto-enol equilibrium, 
t = time in minutes from the start of the reaction, 
x = bromine used at the time t in equivalents per liter, 
k 0 = unimolecular velocity constant for the enolization of HR (with 
no added catalyst), 
ho = the same for HR', and 

r = ho/ko. 

* By an asterisk we denote that the velocity constant has been 
calculated by means of decadic logarithms. Thus k * = 0.4343 k. 

The enol concentration being always 0 after the start of the reaction, we 
have 

(HR) + (HR') + (R") * c (2) 

From equations la to Id it follows that the bromine used by the reac¬ 
tion is # 

2(HR') + 4(R") - x (3) 

From equations 2 and 3 we have 

(HR) + 4 (HR') - c - j (4) 

4 


The velocity of the consecutive reactions HR —> HR' 
termined by the differential equations 


d(HR) 
d t 


- fco(HR) 


and 


d(HR') 
d t 

4 


R" is de- 

(5) 


fco(HR) - A«(HR') 


( 6 ) 
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At the time t = 0 we have 


(HR) - c(l - ,) and (HR') = c, (7) 

Integrating equation 5 and using equation 7 we obtain 

(HR) = c(l - t ) (8) 

From equations 5 and 6, together with the abbreviation r = h 0 /k 0 , we get 

d(HR') (HR') , 0 . 

d(HR) =r (HR) - 1 (9) 


Integrating equation 9 and using equation 7 we get (except when r = 1) 


(HR/) _ 1 1-n /(HR)y- 1 


( 10 ) 


(HR) and (HR') are now eliminated from equations 4, 8, and 10: 


x 

C ~4 / 

— — = Ae~ kot -l A 

where we have used the abbreviation 



Equation 11 may 


yle( i _ t) ( 1+ _ : ^ T )) 
be written in the following way: 
x 

-- - A U)~ koU - (a - 1+ * ^ 10~ Ao *‘ 


( 11 ) 


( 12 ) 


(13) 


For special values of r the two-membered exponential expression 11 is 
reduced to a single-membered one. Thus, 


x 


*■* 

II 

8 

4 _ 

c 

X 

c - 

(1 - t)e~ u 

(14) 

if r *= 1, 

4 

c 

X 

c — r 


(15) 

if r = 1, 

4 

c 

X 

c - 


(16) 

if r — 0, 

2 

(1 - t)e- hl 

(17) 
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In order to show that the kinetic experiments agree with the explanation 
given above we find such values of the constants €, k 0 * and h 0 * that the ex¬ 
perimental values of x and t satisfy equation 13. 

At first 6 is determined. When t is small, equation 13, or the identical 
equation 11, may be written 



= A( 1 - kot) — (a — 1 + ^ (1 — hot) 


< 2 (14 (r-l)e) 


(18) 


X 

c - 

4 

Consequently, « can be computed by plotting - against t for small 

c 

values of t and rectilinear extrapolation to t = 0. 

It is more difficult to determine ko* and ho*. If h Q * > > ko *, the second 
exponential member of equation 13 will decrease rapidly for increasing 

x 

c “ 4 

values of t and will soon be negligible. If we plot log - against t we 

c 

should get a curve which approaches asymptotically to a straight line with 
the slope —k 0 * and makes an intercept log A on the ordinate axis. From 
these constants we easily get ho* by means of equation 12. In order to 
test whether all the experimental pairs of values of x and t agree with 
equation 13 for the values of the constants thus computed we plot 



against t. Now, all the points should fall on the straight line previously 
drawn. If there should be any systematic deviation we may attempt to 
obtain a better agreement by drawing a new straight line and repeating 
the operation. 

The method here outlined is only applicable when h 0 * is much greater 
than k 0 *. If they are of the same order of magnitude, the curve will not 
sufficiently quickly approach a straight line. The following method can be 
used in all cases. For each pair of values of x and t found by experiment 
and for a series of values of r we calculate by the method of trial and error 
the values of &o* which satisfy equation 13. Thus, for each pair of x and 
t a curve through corresponding values of ko* and r is determined. We get 
a family of curves all going through the same point. The coordinates of 
this point are the values of ko* and r which satisfy equation 13 for all the 
experimental values (figure 1). Actually, we do not find a single point of 
intersection for all the curves, owing to experimental inaccuracy. How¬ 
ever, it is always possible to find the value of r for which the variation of ko* 
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is smallest. In the following treatment of the experimental results we shall 
see examples of both methods of computation here described. Owing to 
the mathematical form of expression 13, a small error in x and t will cause 
rather a great inaccuracy in k 0 * and /to* (see figure 1 and table 3). 

If equation 13 is satisfied for all the experimental pairs of x and t by 
r — h and a certain value of & 0 *, say ko * = y, it will, as seen from equations 

v 

14 and 16, also be satisfied by r = oc and /r 0 * = If (?/, J) is the common 
point for all the fco*,r-curves, they will all approach the straight line ko* 

y 

= ~ asymptotically when r oo. Consequently, in this case it is impos¬ 
sible to decide from the experiments whether r = \ and ko* = y y or r = 
V 

00 and ko* = “. It is seen from figure 1, that if the common point of 

intersection for all the Zr 0 *,r- curves falls in the interval £ < r < oc, each 
curve will cut each of the other curves in another point in this interval, 
but the new points of intersection are not common for all the curves. It is 
useful to remember this when computing; the constants. Otherwise there 
is danger of finding a false solution, especially when using the first of the 
two methods. 

EXPEIUMLNTAL 

Materials 

* 

Kahlbaum’s best preparation of acetoacetic ester was purified in one of 
the following two ways. (1) With sodium bisulfite as suggested by Elion 
(3). The ester was dissolved in a little less than the calculated amount of 
saturated sodium bisulfite solution. An impurity which docs not combine 
with bisulfite was removed by extraction with ether. The ester was again 
liberated by addition of the calculated amount of potassium carbonate and 
extraction with ether. After drying with anhydrous sodium sulfate the 
ether was distilled from the ester. Finally, the ester was distilled several 
times in vacuo. (2) Through the copper compound. This compound 
was made by shaking an ethereal solution of acetoacetic ester with an 
aqueous solution of copper acetate (Wislicenus (4)). The copper com¬ 
pound was three times recrystallized from benzene and then decomposed 
with hydrochloric acid. The ester was extracted with ether and, after 
drying with anhydrous sodium sulfate, was twice distilled in vacuo. 

Samples of the two preparations were left for fifteen to twenty hours 
with an excess of sodium hydroxide solution and afterwards titrated with 
hydrochloric acid. It was found that one equivalent of base hydrolyzed 
130.0 g. of the first and 130.1 g. of the second preparation. r I he calculated 
molecular weight is 130.08. 

The bromine water was prepared from Kahlbaum’s bromine “for 
analysis.” 
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Experimental procedure 

A beaker with acetoacetic ester solution (usually 175 cc.), containing in 
most of the experiments varying amounts of hydrochloric acid or neutral 
salts, was placed in a thermostat at 24.97°C. or 17.94°C. or in an ice-water 
mixture. The solution was stirred mechanically. Its temperature could 
be read off on a thermometer. Bromine water (usually 25 cc. of 0.15 N) 
was brought to the same temperature. The reaction was started by mixing 
the two solutions. It was stopped after some time (t minutes) by adding 
an excess of allyl alcohol dissolved in water. This reacts instantaneously 
with the remaining free bromine. The time was measured by means of a 
stop-watch which had been compared with an accurate pendulum clock. 
The corrections never exceeded 0.2 second. Immediately after the reac¬ 
tion was stopped, an excess of solid potassium iodide (1 to 2 g.) and a little 
dilute hydrochloric acid was added. Iodine equivalent to the bromine 
used by the reaction is liberated 

CHsCOCHBrCOOC 2 H 6 + 21" + H + -> CH 8 COCH 2 COOC 2 H5 + I 2 + Br¬ 
and 

CH 8 COCBr 2 COOC,H 6 + 4I~ + 2H+ CH 3 COCH 2 COOC 2 H 5 + 21, + 2Br* 

The iodine was titrated with 0.05 N thiosulfate and starch solution. The 
liberation of iodine docs not take place instantaneously. The thiosulfate 
was added in small portions, and the titration was considered as finished 
when the solution stayed colorless for five minutes after addition of one 
drop of 0.05 N thiosulfate. Usually the titration took fifteen to twenty 
minutes. Dissolved oxygen and small amounts of impurity in the chemi¬ 
cals used may oxidize some iodide during the titration. In order to cor¬ 
rect for this error a blank experiment without acetoacetic ester was done 
for each series of experiments. It used always less than 0.10 cc. of thio¬ 
sulfate. In the experiments at 0°C. the solution was slowly heated tol-oom 
temperature during the titration. Both the bromination and the analysis 
were carried out in diffused daylight or artificial light. Neither the bromo- 
propyl alcohol formed by the reaction between bromine and allyl alcohol, 
nor the excess of allyl alcohol interfered during the analysis. The former 
does not liberate iodine from iodide; the latter reacts too slowly with iodine. 
Fortunately it is unnecessary to know the exact concentration of bromine 
during the reaction, the velocity being independent of the amount of 
bromine. 

It was found to be important to add the potassium iodide immediately 
after the bromination was stopped. If the solution was left for some time 
before analysis, too little thiosulfate was used, and the last part of the 
liberation of iodine was much slower than usually. In this case it was 
noticed that the solution had a sharp smell. Probably the bromo- or 
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dibromo-acetoacetic ester is slowly transformed into compounds which 
react more slowly with iodide. This may also explain why the results of 
the analysis are lower than expected in experiments where the bromine 
has reacted for a very long time. With extremely long times of reaction 
the bromine found by the analysis even decreased when the time of bro- 
mination was increased. In such experiments the solution was cloudy after 
the bromination. This error adds to the difficulty in computing the veloc¬ 
ity constants k 0 * and ho* from the experimental results. 

In a great number of experiments it was shown that the velocity is inde¬ 
pendent of the bromine concentration. This is seen most distinctly from 
some experiments carried out in another way. To the solution of aceto- 
acetic ester was added insufficient bromine water, and the moment when 
the reaction ceased because all the bromine had reacted was determined 
electrometrically. Into the beaker dipped a platinum electrode, and the 
solution was connected by means of an agar-agar bridge with a glass con¬ 
taining a solution of iodine and potassium iodide into which dipped another 
platinum electrode. The electrodes were connected with a galvanometer 
through a high resistance. As long as bromine was present the galvanom¬ 
eter gave a slowly decreasing deflection. When the last trace of bromine 
disappeared the zero was quickly passed, and the galvanometer gave a 
considerable deflection in the opposite direction. The time from the mix¬ 
ing of the solutions until the disappearance of the bromine was measured. 
Potassium iodide was added to the solution, and the analysis was carried 
out in the usual way. The time of reaction was varied by adding varying 
amounts of bromine water in the different experiments. Experiments 
carried out in this way gave exactly the same results as experiments with 
an excess of bromine and interruption by means of allyl alcohol. This 
shows conclusively that the velocity is independent of the concentration of 
bromine. Consequently, the reaction by which bromine is taken up is 
very rapid compared with the reaction which determines the actual veloc¬ 
ity of the complete process. The allyl alcohol method, being the simplest 
and most accurate, was used for all the experiments whose numerical re¬ 
sults are given below. 

The results of a series of experiments on the bromination of acetoacetic 
ester in water at 17.p4°C. are given in table 1. The initial concentration 
of bromine was 0.025 M , and that of the ester 0.005062 M except in ex¬ 
periments marked thus (f), where it was 0.01736 M. By extrapolation to 

x 

c ~4 

t = 0 it was found that e = 0.0034. By plotting log —-— against t , the 

values k 0 * = 0.01802 and h 0 * = 0.206 were found. In order to test the 

x 

agreement with formula 13, - was calculated from the formula, using the 



758 


KAI JULIUS PEDERSEN 


TABLE 1 


Bromination of acetoacetic ester in water at 17.94°C. 
c = 5.062 X 10”*. In the experiments marked t, c = 17.36 X 10”*. e = 0.0034. 
k<>* = 0 01802. h 0 * * 0 206. 


t 

~xio» 

X 

c ~i 

c 

A 10“*°** 

(a - 1 +|) 

-|xI0* (ealed ) 

& X10» 

to 083 

0 063 

0 9964 




+4 

f0 258 

0 132 


1 


0 134 

-2 

t0 500 


0 9862 


0 0363 

0 238 

+2 

tl 00 


0 9729 

1 

0 0286 

0 473 

-3 

1 00 

0 140 

0 9725 


0 0286 

0 138 

+2 

t2 00 

0 993 

0 9428 

1 1 

0 0177 

0 990 

+3 

2 00 

0 286 

0 9438 

1 

0 0177 

0 288 

-2 

t3 00 

1 640 

0 9113 

0 9222 

0 0110 

1 542 

-2 

3 00 

0 454 

0 9105 

0 9222 



+4 

4 00 

0 618 

0 8782 

0 8847 

0 0069 

0 619 

-1 

5 00 

0 786 

0 8449 

0 8488 

0 0043 

0 787 

-1 

6 00 

0 043 

0 8140 

■ 

0 0027 

0 954 

-11 

7 00 

1 118 

0 7793 


0 0017 

1 117 

+ 1 

8 00 

1 277 

0 7475 

0 7490 

0 0011 

1 276 

+1 

10 00 

1 575 

0 6891 

0 6894 


1 574 

4-1 

12 00 

1 851 

0 6345 

0 6349 

0 0002 

1 847 

+4 

15 00 

2 226 

0 5604 

0 5604 

0 0000 

2 225 

4-1 

18 00 

2 552 

0 4960 

0 4948 

0 0000 

2 557 

-5 

24 00 

3 090 

0 3897 

0 3857 

0 0000 

3 109 

(-19) 


S m = 3 6 X 10-* 


TABLE 2 


Bromination of acetoacetic ester in 0 050 M potassium bromide at 17 H°C 
c = 5.056. In experiments marked t, c = 6 275 X 10“ 3 « = 0 0040 k Q * = 0 01780. 

h 0 * - 0 216 




X 


0 

t 

-ixiO* 

/ -_4 

t 

j X 10* (ealed ) 

«X10* 

0 053 

0 016 

0 9968 

0 016 

0 

0 080 

0 019 

0 9963 

0 019 

0 

1 00 

0 139 

0 9725 

0 136 

+3 

2 00 

0 291 

0 9425 

0 288 

+3 

4 00 

0 619 

0 8776 

0 619 

0 

6 00 

0 948 

0 8125 

0 952 

-4 

t8 00 

1 570 

0 7499 

1 575 

—5 

10 00 

1 561 

0 6912 

1 564 

-3 

tl2 00 

2 283 

0 6362 

2 281 

4*2 

tl4 00 

2 600 

0 5857 

2 595 

4-5 

16 00 

2 324 

0 5404 

2 324 

0 


5m = 3 1 X 10“* 
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values of €, k 0 * and h 0 * here computed. The last column of the table 

gives the difference 5 between the observed and calculated values of 7. 

x 

c ~4 

The agreement is good, except when < $. Here the observed values 


are smaller than calculated from the formula. This discrepancy was 
mentioned above. In order to express how well the course of the reaction 

■\/y'X2 

agrees with the formula, we calculate <5 m = ——-, where n is the number 

n — 1 

of experiments. If we disregard the last experiment, we get 5 m = 3.6 
X 10 6 . 


Table 2 gives the results of a series of experiments in 0.050 M potassium 
bromide at 17.94°C. treated in the same way. It is seen that bromide ions 
have only a slight effect on the velocity. 


TABLE 3 

Calculation of ko* from formula 18 for different values of r 


The same series of experiments as in table 2 



AV X 10* 


r ~ 05 

r - 2 

r «=» 6 

r =* 10 

r =• 12 

r - 15 

r — oo 

1 00 

224 

216 

197 

186 

181 

173 

112 

2 00 

249 

230 

202 

185 

17!) 

172 

124 

4 00 

2?<> 

243 

202 

184 

179 

171 

138 

6 00 

298 

245 

200 

183 

179 

172 

149 

8 00 

310 

245 

19S 

182 

178 

173 

155 

10 00 

320 

243 

196 

182 

179 

174 

160 

12 00 

326 

241 

191 

181 

179 

175 

163 

14 00 

330 

238 

193 

181 

179 

176 

165 

10 00 

332 

235 

191 

181 

179 

176 

166 


The experimental results of this series have also been computed in the 
second and more difficult way described above. As seen from table 3 the 
variation of the calculated k 0 * values is smallest when r = 12, giving as 
mean value k 0 * = 0.0179 and h 0 * = 0.21 in agreement with the values found 
in table 2. In figure 1 is given a graph of the computation. For simplicity 
only four experiments are represented. It is seen that e&ch curve cuts 
each of the other curves in one point in addition to the point of intersec¬ 
tion common to them all. As seen from the table and diagram, we may 
vary r considerably without impairing the constancy of ko* appreciably. 
Therefore, the constants Ar 0 * and h 0 * are not determined as accurately as 
might be expected from the good agreement between the observed and 
x 

calculated values of 
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Table 4 contains a summary of twenty series of experiments on the bro- 
mination in aqueous solutions of hydrochloric acid, sodium chloride, and 
potassium chloride, all at 18°C., and, finally, of potassium bromide at 0°, 
18° and 25°C. The salts were Kahlbaum’s or Merck’s “for analysis.” 
The initial concentration of acetoacetic ester was usually about 5 X 10~ 3 M, 
but in a few experiments three to four times as great. All concentrations 
are given in moles per liter. In our computation of the constants we have 



Fig. 1. Computation of k 0 * and r of the Experiments in Tables 2 and 3 


disregarded those experiments with long times of reaction where the fall 
in x mentioned above made its appearance. All the experiments in the 

/,_? \ 

4 , 

first half of the reaction -— > have been used. The number, n, of 

experiments used is given in table 4 for each series. The agreement with 
formula 13 is always good. The mean value of d m for the twenty series of 
experiments is 3.0 X 10~\ The volume during the reaction being 200 
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cc., 8 a» 3.0 X 10 -6 corresponds to 0.05 cc. of 0.05 N thiosulfate. In all 
the solutions the reaction may be expressed by formula 13 with an accu¬ 
racy corresponding to the experimental error. The total non-systematical 
part of the experimental error thus corresponds to an average error of 0.05 
cc. on the titration. 

In figure 2 the velocity constants k 0 * of the enolization of acetoacetic 
ester at 18°C. in solutions of hydrochloric acid, sodium chloride, potas- 

TABLE 4 


Bromination of acetoacetic ester in water and aqueous solutions of hydrochloric acid f 
sodium chloride , potassium chloridc } and potassium bromide 


t j 

SOLVENT 

n 

e 

u* 

ho* 

Jm X 10* 

r 

degrets C 









r 

Witter 

18 

0 0034 

0 01802 

0 206 

3 6 

11 4 



HCI 0 0424 /If 

16 

0 0040 

0 01843 

0 187 

2 6 

10 1 



HCl 0 0980 M 

15 

0 0038 

0 01869 

0 187 

4 2 

10 0 



HCI 0 1970 M 

11 

0 0038 

0 01905 

0 191 

2 0 

10 0 



HCl 0 370 M 

10 

0 0042 

0 01955 

0 196 

24 

10 0 



NaCl 0 100 M 

10 

0 0037 

0 01785 

0 215 

4 0 

12 0 



NaCl 0 300 M 

10 

0 0037 

0 01729 

0 195 

2 1 

11 3 

17 94 


NaCl 0 400 M 

10 

0 0037 

0 01704 

0 190 

2 2 

11 2 



NaQl 0 600 M 

10 

0 0037 

0 01667 

0 186 

2 1 

11 2 



NaCl 0 000 M 

10 

0 0037 

0 01626 

0 180 

2 4 

11 1 



NaCl 0 700 M 

12 

0 (X)36 

0 01592 

0 178 

2 4 

11 2 

■ 


NaCl 0 800 M 

10 

0 0036 

0 01557 

0 174 

2 3 

11 2 

' 


NaCl 1 000 M 

9 

0 0036 

0 01481 

0 168 

2 6 

11.3 



NaCl 2 000 M 

7 

0 0018 

0 01133 

0 147 

3 1 

13 0 



KC1 0 596 M 

10 

0 0040 

0 01563 

0 186 

1 2 

11 9 



KC1 0 894 M 

10 

0 0036 

0 01443 

0 174 

4 3 

12 0 



KCl 1 192 M 

12 

0 0040 

0 01337 

0 150 

3 9 

11 2 

0 03 

KBr 0 050 M 

12 

0 0035 

0 00353 

0 0425 

5 6 

12 0 

17 94 

KBr 0 050 M 

11 

0 0040 

0 01780 

0 216 

3 1 

12.1 

24 97 

KBr 0 050 M 

13 

0 0045 

0 03120 

0 384 

3 5 

12.3 


sium chloride, and potassium bromide are plotted against the concentration 
M of the acid or salt. The decrease in fc 0 * caused by the three salts is 
approximately proportional to the concentration. However, this pri¬ 
mary salt effect is not great, only a few per cent in 0.1 M solution. The 
effect on the enolization of monobromoacetoacetic ester is nearly the same. 
Thus r is almost constant for all the solutions, as seen from table 4. 

Addition of hydrochloric acid causes an increase of k 0 * of the same order 
of magnitude as the decrease caused by the salts. The effect is so small 
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that it is hardly possible to decide whether it is caused only by a primary 
salt effect of the hydrochloric acid, or whether a hydrogen ion catalysis 
has a share in it. If there is any acid catalysis it is very slight. Thus 
the increase in 0.1 M hydrochloric acid is only 4 per cent. For comparison 
we may mention that the basic catalysis, which we shall deal with in the 
next part of this paper, is very pronounced. Thus the weak base, the ace¬ 
tate ion, in the concentration 0.1 M causes the velocity to rise to about 
forty times its value in water. 



Fig. 2. Bromination of Acetoacetic Ester in Solutions of Hydrochloric Acid 

and Natural Salts 


According to the scheme in equations la to Id small amounts of hydro¬ 
gen and bromide ions are formed by the reaction. We have seen that the 
effect of these ions is so small that their formation can have no influence 
on the velocity. 

It is of interest to compare these results with some earlier measurements 
on the velocity of isomerization of acetoacetic ester carried out by Meyer 
(5). In one case he dissolves acetoacetic ester, containing 7 per cent of 
enol, in water at 0°C. and follows the decrease in enol by titration with 
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bromine water at different times (1/6 to 1 minute after dissolving the ester). 
The reaction being balanced, the unimolecular constant calculated in the 
usual way is the sum of the constants for the ketonization and for the 
enolization k^ t + k 0 no i. Meyer finds at 0°C. the constant 2.4, from which 
he calculates, using k eno i/k kei = c/1 — c = 0.004, k ket . = 2.4 and & e noi = 
0.010, that is, A? en oi = 0.0043. If, instead of Meyer’s value of «, we use the 
value found in this paper at 0°C., e = 0.0035, we get k eno i = 0.0036, in 
good agreement with the value 0.00357 found here (calculated from our 
value in 0.05 M potassium bromide, assuming that the relative decrease by 
addition of 0 05 M potassium bromide is the same at 0°C. as at 18°C.). 

In other experiments Meyer added varying amounts of bromine water 
to old solutions of acetoacetic ester at 0°C. (in one series at 10°C.) and de¬ 
termined the time when the color of the bromine had just disappeared. 
However, in his calculation of the velocity constant Meyer takes into ac¬ 
count only the enolization of the acetoacetic ester, not being aware that it 
is followed by the much quicker enolization of the monobromoacetoacetic 
ester Here his results are recalculated, taking into regard both enoliza- 
tions For comparison values of k Q * from the experiments in this paper are 
given in the last column. 


Ao* 

(Moverrecalcd ) (Pedersen) 

Water 0°C. 0 0031 0 00357 

Water 10°C * 0 0088 0 0090 

0 1 N HC10°C 0 0038 0 00371 


While Meyer’s expenments in water at 10°C. and in hydrochloric acid at 
0°C. agree well with those in this paper, there is a fairly great discrepancy in 
water at 0°C. From the considerable nse in £ 0 * when going from water 
to 0.1 N hydrochloric acid (Meyer actually found by his method of com¬ 
putation an increase of 40 per cent), he concludes that hydrogen ions have 
catalytic effect. This result is not confirmed by the present investigation. 

SUMMARY 

In the bromination of acetoacetic ethyl ester four consecutive reactions 
could be distinguished. (1) The acetoacetic ester is enolized, and (2) 
brominated to the keto form of a-monobromoacctoacetic e. ter; (3) this is 
enolized, and (4) brominated to a, a-dibromoacetoacetic ester. Only (1) 
and (3) take place with measurable velocity. The unimolecular velocity 
constants of the enolization of acetoacetic and of monobromoacetoacetic 
ester in water and aqueous solutions of hydrochloric acid, sodium chloride, 
potassium chloride, and potassium bromide have been computed from the 
experiments. The reaction is not catalyzed by hydrogen ions to any per¬ 
ceptible degree. 
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INTRODUCTION 

The magnitude and sign of the solvent correction to be made in con¬ 
ductivity data is sometimes very uncertain, and its application has been 
the subject of much discussion and controversy in the past few years. 
This arises mainly from uncertainties as to the impurities present in con¬ 
ductivity water and their reaction with the electrolyte in solution. 
KendalFs (1) “carbonic acid correction” has not been generally accepted, 
partly because of the maximum observed at high dilutions in the data for 
strong acids even after the correction had been made, and partly because 
some authors have found disturbing factors greater than the carbon dioxide 
present. Washburn (2) suggests that this “abnormal behavior” is prob¬ 
ably due to the presence of some basic or saline impurities, while Whetham 
and Paine (3) attribute it to a salt, probably ammonium carbonate. 

Though it is conceded that carbon dioxide is generally the major impur¬ 
ity, Wynne-Jones (4) has shown a deviation between the calculated and 
theoretical curves and suggests that solution of silica from the cell walls 
might cause the variation. Kraus and Parker in their work on iodic acid 
with concentrations as low as .00005 N> using very pure water and cells of 
quartz, Pyrex, and soda-lime glass have shown that the nature of the cell 
is of greater importance than the initial conductivity of the water or the 
carbon dioxide content. 

The extent of the solubility or decomposition of glass under the condi¬ 
tions ordinarily met with in conductance work has not as yet been studied 
very thoroughly. Such measurements would be difficult to make and re¬ 
produce, because there are so many factors influencing the decomposition 
and rate of solution. Glasses also vary much in their physical and chemi¬ 
cal constitution, even those of the same brand. Glass in contact with 
moist air and carbon dioxide is continually being acted upon, giving prod¬ 
ucts which are easily soluble in water. Thus solutions put in such a 
container, which has not been well leached just before use, will be affected 
abnormally at first. This phenomenon is easily noticeable by pouring a 
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very dilute solution of hydrochloric acid into a bottle which has been 
standing open to air. The reduction in conductance at first is compara¬ 
tively large, changing only gradually thereafter. 

Forester's (5) and Walker's (6) work on the solubility of glass under 
laboratory conditions shows that it is by no means negligible, and that 
both alkali and silica are taken into solution, probably in the form of a 
sodium silicate. The nature and behavior of the silicates of sodium in 
solution has been studied quite thoroughly by Haag (7) and by Harman 
(8). From their work it has been concluded that the only sodium silicates 
existing in solution as such are the metasilicate, Na 2 Si 03 , and the disilicate, 
NaHSi0 3 ; that the hydrolysis of Na 2 Si 0 3 gives rise to HSi0 3 ions, which 
do not separate out colloidally; that only ratios larger than Na^OrSiC^ = 
1:2 give appreciable amounts of colloidal silicic acid. In addition, Harman 
has shown that in dilute solutions of any ratio, practically all the silica 
exists in the crystalloidal state. Under the term “crystalloidal silica,” 
he classifies definite silicate and bisilicate ions, aggregates of ions carrying 
an electric charge with or without colloidal silica, i.e., ionic micelles and 
crystalloidal silicic acid or hydrated silica. 

The present investigation is an attempt to show the effect of small 
amounts of sodium silicates, such as are dissolved from glasses, on very 
dilute solutions of electrolytes and on conductivity water. Although there 
is no definite proof that the material dissolved or decomposed from the glass 
is in the form of silicates of sodium, it is shown from equilibrium relations 
between the crystalloidal silica and alkali that effectively it is in that form. 
Further, the solution of glass and change in the nature of impurities in 
conductivity water with collection and storage in Pyrex and soft glass 
containers will be demonstrated. 

EXPERIMENTAL 

The conductivity apparatus was one arranged and set up by Alonzo W. 
Martin. 1 A telephone head-set tuned to a 1000 cycle e.m.f. from a Vree- 
land oscillator was used as a detector. To increase its sensitiveness a one- 
stage audio tube amplifier, as suggested by Hall and Adams (9) was placed 
in series with the telephone. A Kohlrausch drum-wound slidewire bridge 
divided in one thousand divisions was calibrated for use by the method of 
Stronhal and Barus. For the resistance, two calibrated Curtiss coils of 
capacities 10,000 ohms and 100,000 ohms were used. Adjustable air con¬ 
densers cut out all capacitance and eddy currents, thereby increasing the 
sensitiveness and clearness of the minimum point. The whole apparatus 
was well grounded with a grounding arrangement similar to that suggested 

1 The writer is indebted to Professor Martin for the use of the apparatus. 
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by Wagner (10). Measurements were made in a thermostat regulated to 
25°C. The dip-type conductance cell with bright platinum electrodes 
was used so it could be dipped into the solutions through the neck of a well 
leached liter Pyrex flask. The cell constant was obtained by inter-com¬ 
parison on a 0.001 N solution of potassium chloride, which value checked 
very closely with that obtained by using 0.0014695 mhos for the specific 
conductance of the potassium chloride (11). Its value was taken as 
0.081402. 

Stock solutions of hydrochloric acid, potassium chloride, and sodium 
hydroxide were carefully made up from the c.p. materials. These were 
measured out in standard calibrated pipettes and diluted to the desired 
concentration. One liter of the solution was transferred to the conduc¬ 
tance arrangement; the whole was well but gently stirred after the addition 
of each increasing amount of 0.00046 N sodium silicate; the electrodes were 
raised and lowered several times in the solution and a short time was 
allowed for equilibrium to become closely established, after which all 
readings were immediately taken. Care had to be used throughout to pre¬ 
vent as far as possible the adsorption of carbon dioxide from the air and to 
prevent any vigorous motion, since it increases the amount of glass dis¬ 
solved from the apparatus. Extreme accuracy was not aimed at, since at 
such high dilutions accurate values of conductance would be of little 
value, because the exact nature of all the impurities in the water is not 
known, and the exact behavior of electrolytes at these extreme dilutions 
is not fully understood. The sodium silicate used was made up from Baker’s 
40 per cent solution having, according to their analysis, a Na^O: Si0 2 ratio 
of 1 : 3.22. The normality with respect to sodium was 0.00046. 

The conductivity water was obtained from a specially constructed Kraus 
type still charged with alkali-permanganate. Water ranging in conduc¬ 
tance from 0.4 X 10 ~ 8 to 1.4 X 10~ c was prepared, and the effect of sodium 
silicate on conductance of water with different initial conductivities noted. 
The results are given in graphs (figure 1) rather than in tables, since the 
nature of the changes is more easily seen and compared. The results 
showing the effect of small amounts of sodium silicate on the conductance 
of very dilute solutions of hydrochloric acid, sodium hydroxide, and po¬ 
tassium chloride are given in figures 2, 3, and 4, respectively. In order to 
demonstrate the rate and extent to which silicates dissolve from Pyrex and 
soft glass containers, water was left standing in 10-liter bottles, both sealed 
and open. At various times 1-liter samples were drawn and conducto¬ 
metric titrations run with sodium silicate, as above, to show how much 
carbon dioxide had been removed by action of dissolved silicates. Many 
such runs under varying conditions were made, and some representative 
results are given in figures 5 and 6. 
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DISCUSSION 

From the curves of figure 1, it is seen that the manner in which the con¬ 
ductance changes with increasing amounts of sodium silicate varies widely 
with the initial conductivity of the water. The higher the initial conduc¬ 
tivity, the greater is the total lowering of the conductance and the more 



Fig. 1 . Effect of Sodium Silicate on the Conductance of Conductivity Water 
of Varying Initial Specific Conductivities 

sodium silicate required to cause the maximum depression. A comparison 
of these curves with those of hydrochloric acid (figure 2) and sodium hy¬ 
droxide (figure 3) shows quite definitely that the main impurity in the water 
is acidic in nature and without doubt is carbonic acid. The conductance 
of water of lower conductivity than 0.5 X 10 ~ 8 is seen to rise continuously, 
thus showing that either there is no carbon dioxide present below this 
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Fiq. 3. Effect of Sodium Silicate on Conductance of Sodium Hydroxide 

Solutions 
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value, or that all the carbon dioxide has been removed by reaction with 
sodium silicate dissolved from the Pyrex container while the water was be¬ 
ing collected. The latter is probably the case. It is seen from these curves 
that a “carbonic acid” solvent correction cannot be applied to water below 



Fig. 4. Effect of Sodium Silicate on Conductance of Potassium Chloride 

Solutions 


0.5 X 10 -® if it has been collected hot in Pyrex containers. The correction 
will rather be one for the “solution of glass,” which involves a considera¬ 
tion of the products formed in the reaction of carbonic acid with silicates 
of sodium. For water of higher initial conductivity it is seen that the 
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correction will have to take into account both the carbon dioxide and the 
dissolved glass. 

After the water has been collected, the relative amounts of carbon dioxide 
and dissolved silicates will vary with the time of storage. This is clearly 
shown by the curves of figures 5 and 6. The conductance of water in 
equilibrium with carbon dioxide of the air is 0.8 X 10~ 8 . The conductance 



Fig. 6. Change in Carbon Dioxide Content of Conductivity Water with 
Time of Storage in Open Soft Glass Bottles at 2o°C. 

of the water should tend toward this value, and the amount of sodium 
silicate required for maximum depression should be approximately 5 cc. 
(see figure 1) if no foreign substances interfered. From the curves it can 
be seen that the carbon dioxide is continually being removed, while the 
amount of dissolved glass increases. Thus with a Pyrex bottle, practically 
all the carbon dioxide has reacted with dissolved glass at the end of thirty 
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days and the conductance is now due to the products of the reaction. With 
soft glass the action is much faster. There is no carbonic acid present at 
the end of ninety-six hours. Water collected hot directly in a soft glass 
bottle showed no depression with sodium silicate solution, indicating the 
presence of no carbonic acid. 

Parallel with these a bottle of water was stirred vigorously with a Py- 
rex glass stirrer. The time required for complete removal of carbon diox¬ 
ide was forty-eight hours. Further experiments were run by bubbling 
hydrogen and nitrogen through the water. This had the effect of reducing 
the partial pressure of the carbon dioxide above the water, thereby decreas¬ 
ing the solubility of the carbon dioxide in the water; also it had the effect 
of increasing the rate of solution of the glass. Merely shaking the water 
in the flask gave a corresponding decrease in conductance. A summary 
of the results is given in table 1. 


TABLE 1 



TIML. 

INITIAI 

CONDUCTIMTY 

I INAL 

CONIMJtllVII Y 


hour 8 



Hydrogen 

4 

0 85 X 10-« ! 

0 47 X 10"“ 

Nitrogen 

4 

0 96 X 1(T 6 

0 45 X 10"“ 

Shaking 

1 

1 17 x i(r 6 

1 

0 93 X 10"“ 


A direct measure of the solubility of Pyrex glass was attempted by evap¬ 
orating in a platinum dish 10 liters of conductivity water which had been 
standing in a Pyrex bottle for fifteen months. The initial conductance 
was 1.0 X 10~ 6 and the final 1.23 X 10~ 6 . Conductometric titration with 
very dilute alkali showed that no carbon dioxide was present. The total 
solids obtained was 10.9 mg., of which 4.8 mg. was silica. 

The need and application of a correction for this “solution of glass” in 
measuring the conductivity of very dilute solutions of electrolytes or even 
hydrogen-ion concentrations can clearly be seen from figures 2, 3, and 4. 
For strong acids a positive correction is needed, rather than the “normal” 
water correction or the zero correction assumed in the theory of the car¬ 
bonic acid correction; for a basic solution a slight negative one is needed. 
The conductance of neutral salts is not affected abnormally by the presence 
of such small amounts of sodium silicate. The magnitude of the ideal 
correction could be determined by the solubility of the glass, the equilibrium 
relations with sodium carbonate, silicate, and bisilicate ions, and the mo¬ 
bilities of the ions involved. The uncertainty of the values and complexity 
of such calculations is at once evident when it is remembered they can be 
carried out only by a series of approximations. However, if the condition 
of the water is known, estimation of the approximate correction can be 
made with less difficulty. 
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From the laws of diffusion, it is known that if fresh conductivity water 
is put in a glass cell, the rate of solution or decomposition of glass will at 
first be comparatively large, owing to the high concentration gradient from 
the surface of the glass to the interior of the liquid. This gradient is main¬ 
tained for a while by the effectual removal of the sodium silicate in the 
solution by reaction with the comparatively high concentration of car¬ 
bonic acid. The complications and errors arising from the use of glass 
apparatus can easily be seen and one can see that water of 0.4 X 10 ~ 6 , or bet¬ 
ter, should be used if carbon dioxide can be excluded. If higher conducting 
water is to be stored some time before use, it might even be advisable to 
allow it to come to a carbonic acid-free condition (this can be determined 
by conductometric titration with dilute alkali), otherwise, worse compli¬ 
cations set in because the relative amounts of carbon dioxide and silicates 
are not known exactly. The best way to eliminate such errors and complica¬ 
tions if platinum is not available, is to use quartz, which is acted on only 
slightly by electrolytes and water, or wax-coated vessels for collection and 
storage of the water and solutions. Some of the newer types of bakelite 
preparations show some promise. A carbonic acid-free condition can 
nearly be obtained by bubbling nitrogen or hydrogen through until no fur¬ 
ther decrease in conductance is observed. 

If, as was supposed by the earlier investigators, the sodium silicate is 
highly hydrolyzed in dilute solution to sodium hydroxide and colloidal silicic 
acid, one would expect the slope of the curves for sodium hydroxide to be 
less than the one for water, owing to depression of hydrolysis by the OH - ion 
and to adsorption by the colloidal silicic acid. If, as suggested by Haag 
(7) the hydrolysis of the sodium metasilicate is represented as follows: 

Na*Si0 3 + H 2 0 NaOH + NaHSiOa 

Ti _ IT it 

2Na + + SiO* Na + + OH~ Na + + HSiO," 

then the limiting value of the hydrolysis will be 0.5. This can be assumed 
to be very nearly true, for it has been quite definitely demonstrated by Haag 
that practically all the silica in very dilute solutions of that ratio exists in 
the form of HSiOs ions and does not readily form colloidal particles. Since 
NaHSi0 3 is a highly ionized salt, the effect of such small OH~ ion concen¬ 
trations in decreasing the hydrolysis is small, while its effect on the sec¬ 
ondary ionization of silicic acid existing as hydrosilicate ions or crystalloid- 
ally is comparatively greater and the conductance will rise abnormally. 

In the conductivity water, which can be considered a solution of car¬ 
bonic acid, and in the hydrochloric acid solutions effectually what we have 
happening is an exchange of the slow-moving sodium ion for a fast-moving 
hydrogen ion, which results in a lowering of the conductance. This can 
be offered as an explanation of the maximum found in the data for very 
dilute solutions of strong acids. 
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If glass, as previously suggested, should be dissolved in the form of sili¬ 
cates of sodium, rich in silica, and practically all the silica is in the crystal- 
loidal state as shown by Harman, then one can rightfully assume there is an 
equilibrium established between the crystalloidal silica, SiOr~ ions, HSiOj 
ions, and the alkali. As an acid is added, an amount of SiOr “ ions equiva¬ 
lent to the sodium hydroxide formed on hydrolysis plus half the sodium in 
the unhydrolyzed silicate is converted to HSiOf ions. On further addition 
these ions are converted to silicic acid which first separates out colloidally 
and then changes largely to the crystalloidal state. Thus it is seen that in 
making an ideal correction for the “solution of glass,” one must take into 
account both the alkali and the silica, for even though, as Morey (12) has 
concluded from his isothermal saturation curves, there can be no true 
solubility of the silicate at ordinary temperatures, but rather a decomposi¬ 
tion by the water, forming products which contain vanishingly small 
amounts of silica, the fact still remains that a large part of the substance 
dissolving is silica which furnishes silicate ions, bisilicate ions, and col¬ 
loidal electrolyte. The excess silica may give rise to further complications 
owing to the formation of these colloidal electrolytes originally suggested 
by McBain (13) and more specifically applied to silicate solutions by 
Harman (8). Other substances undoubtedly dissolve which have their 
influence, but under conditions ordinarily met with in conductance or 
hydrogen-ion work, the solution of alkali and silica will be the greatest dis¬ 
turbing factor. Any reliable work carried out in glass apparatus on very 
dilute solutions, whether it be conductance, electrode potentials, or hy¬ 
drogen-ion concentration, should take into consideration a correction for 
the “solution of glass.” 


SUMMARY 

1. Measurements of the effect of small amounts of sodium silicate, sjich 
as are dissolved from glass, on the conductance of conductivity water of 
different initial conductivities and on very dilute solutions of hydrochloric 
acid, sodium hydroxide, and potassium chloride have been made. 

2. The change in the nature of impurities in conductivity water with 
different methods of collection and time of storage in Pyrex and soft glass 
containers has been demonstrated. 

3. It has been shown that in addition to a “normal” water correction, 
taking into consideration the carbonic acid present, there must also be 
applied a correction for the “solution of glass.” 

4. The correction for the “solution of glass” will depend upon the kind 
of glass used in storage and measurements of the conductivity water and the 
solutions, on the time of such storage and measurements, and on the nature 
of the electrolyte worked with. The magnitude of the ideal correction 
could be calculated from the,ionic mobilities and equilibrium relations of 
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the substances formed by the interaction of the electrolyte with the carbonic 
acid, sodium carbonate, bisilicate, and crystalloidal silica found to be present. 
The approximate correction can best be obtained by taking into considera¬ 
tion the alkali, carbonates, and carbonic acid, the proportion of which can 
be approximately determined by conductometric titrations. 

In conclusion I wish to express my thanks to Professors C. L. von Ende 
and J. A. Kostalek for the helpful suggestions offered and for placing the 
facilities of the Department at my disposal. The assistance and suggestions 
from the other members of the Department is also appreciated. 
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OBJECT OF THE INVESTIGATION 

The purpose of this investigation was the determination of the ratio of 
distribution of monomethylamine between water and chloroform and the 
presentation of evidence for the existence and composition of its complex 
with a copper salt. 

The existence and constitution of complexes of ammonia with salts 
have been shown in many cases; an excellent summary has been given by 
Miss M. M. J. Sutherland (1). There is some evidence that amines form 
complexes similar to these ammines, though very few data are recorded 
in the literature. E. Thiele (2) found that copper oxide dissolved in 
aqueous monomethylamine solution to form a solvent for cellulose. Von 
Euler (3) found that silver salts and methylamine react to form the complex 
ion [Ag(CH 3 NH 2 ) 2 ] + , having a dissociation constant at 25°C. of 2.45 X 
10“ 7 . Wuth (4) came to a somewhat different conclusion of this same 
complex, as a solid, from his solubility investigations of silver chloride and 
bromide in methylamine solution. Olmer (5) has determined the solu¬ 
bility of silver oxide in aqueous methylamine. 

One of the most direct determinations of the constitution of ammines in 
solution is furnished by the application of the distribution law. Nernst 
(6) pointed out that a constancy in the distribution ratio can exist only 
between those molecules of the distributed substance which are in the 
same molecular condition in the two phases. If the distributed molecules 
undergo reversible chemical combination, association, or dissociation, this 
effect must be taken into account before the constancy in the. distribution 
can be detected. Conversely, it is clear that a knowledge of the distribu¬ 
tion ratio could be used for the determination of the degree of chemical 
combination or of dissociation in either of the two phases. Moreover, 
if the distributed substance remains in the form of simple molecules in one 
phase and undergoes a change in the second phase, the extent of combina¬ 
tion of the distributed substance with an added material in the second 
phase could be determined from the change in the distribution ratio caused 
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by this added substance. Thus, Dawson and McCrae (7), by observing 
the change in the distribution ratio of ammonia between water and chloro¬ 
form upon the addition of a definite amount of copper salt to the water, 
were able to show the existence of a complex ion containing four molecules 
of ammonia per atom of copper. 

Applying this consideration to methylamine, if the distribution coeffi¬ 
cient, uncorrected for any dissociation of methylamine in the water layer, 
is defined by the relation 


P - Ci/C 2 

for pure water, the relation for an aqueous salt solution (e.g., copper salt), 
becomes 


P' - Ci'/C, 

where (\ f is the molal concentration of the methylamine in the aqueous 
salt solution and Ci and (\ are the molal concentrations in pure water and 
in chloroform, respectively. It follows that the amount of methylamine 
in the water layer uncombined with the copper salt and free to maintain 
the equilibrium with that in the chloroform layer will be given by the 
distribution coefficient for pure water at the corresponding concentration 
of methylamine in the chloroform layer, i.e., by 

Cy = CVP 

while the remaining methylamine, that is, the amount combined with the 
copper salt, is given by 


C,' - Ci or Ci' - C 2 P 

Hence, if C* is the concentration of copper ion in the water, the number of 
molecules of methylamine combined with one copper ion will be given by 
the relation 


C[ - Ci 

C . 

In assuming that the concentration C\ calculated by this method is the 
same as it would have been if no copper salt were present, it is necessary to 
presuppose that the addition of copper salt has no effect upon the respec¬ 
tive physical properties of water and chloroform and that it is soluble only 
in the water phase. 

It is also necessary to neglect the purely physical effect of the copper 
ions, the anions, or any complex ions formed upon the solubility of methyl¬ 
amine in water. If the concentration of these ions is small, the salting-out 
effect will be small, of course. Dawson and McCrae (8) studied the effect 
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of a large number of salts upon the distribution of ammonia between water 
and chloroform; they came to the conclusion that the copper sulfate used 
in their distribution experiments decreased the solubility of ammonia in 
water. By analogy, it may be reasoned that it would have a similar 
salting-out effect upon the solubility of methylamine in water. In this 
investigation, the copper salt concentration is kept small, and hence the 
salting-out effect will be small; this effect has not been considered in 
making the calculations necessary to determine the constitution of the 
complexes formed. 


THE DISTRIBUTION COEFFICIENT 

Since the proposed method of investigation of the complexes requires an 
accurate knowledge of the distribution ratio of methylamine between water 
and chloroform, a search in the literature for this ratio was made. Smith 

(9) gives a value of 5.848 at 25°C. for the ratio Ci/C 2 , as the mean of several 
determinations in which the methylamine concentrations in the water 
layer varied from 2.625 to 27.4 millimoles per liter. Moore and Winmill 

(10) give a value of 8.00 at 25°C. as the mean of two determinations in 
which the methylamine concentrations in the water layer were 0.1203 
and 0.1312 gram-equivalents per liter. Both of these ratios were expressed 
in terms of volume concentrations. 

The lack of agreement in the values of Ci/C 2 and the limited range of 
concentration over which the ratio has been determined made it necessary 
to determine accurately the ratio over a greatly extended concentration 
range before the composition of the ammine complexes could be determined. 

Experimental procedure 

The method consisted in analyzing both layers, after establishment of 
equilibrium, between an aqueous solution of methylamine and chloroform. 
Hantzsch and Sebaldt (11) have shown that such an equilibrium is quickly 
reached. A convenient volume of the aqueous methylamine solution, 
usually 150 cc., was placed with 200 cc. of chloroform in a Pyrex cylinder of 
approximately 500 cc. capacity. The cylinder was equipped with a ground 
glass stopper and two capillary stop-cocks, one sealed in near the bottom 
of the cylinder for the removal of the chloroform layer and one sealed in 
near the center for the removal of the water layer. The cylinder and 
contents were rotated in a water thermostat at 25° =t 0.01°C. for a period 
of four and one-half to six and one-half hours at a speed of sixteen to 
seventeen revolutions per minute. 

After rotation, the cylinder was allowed to stand in an upright position 
in the thermostat for one and one-half hours to effect a separation of the 
layers. To eliminate loss of methylamine by evaporation, samples were 
forced by pressure of dry air into previously weighed glass-stoppered 
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Erlenmeyer flasks containing a known amount of standard sulfuric acid 
and, in the case of the chloroform layer analysis, enough distilled water to 
cover the chloroform layer. The flask and contents were weighed imme¬ 
diately. In the case of the water layer, it was possible to take a sample 
only slightly in excess of the amount required to neutralize the acid, the 
excess being subsequently titrated with 0.05 M or 0.005 M acid, depending 
upon the methylamine excess. 

The method yielded reproducible results, indicating that no methylamine 
was lost by this procedure. In all determinations duplicate samples were 
taken from each layer, the aqueous samples weighing about 30 to 40 g. 
and the chloroform samples about 80 to 100 g. The total divergence from 
the mean for the samples from both layers was usually less than 0.1 per 
cent, the water layer yielding the most reproducible values. All titrations 
were made by weight, using methyl orange with the chloroform layer and 
methyl red with the aqueous layer. Methyl red is removed almost com¬ 
pletely from water by chloroform in contact with it; hence methyl orange 
was used there. 

Although Abbot and Bray (12) reported that an emulsion of water and 
chloroform can be broken up by slow rotation, it was found in this investi¬ 
gation that the turbidity refused to disappear even on long standing. To 
break up the emulsion, the samples were forced through two fine “fritted” 
glass filters in series with the discharge tubes. About 25 cc. of the equi¬ 
librium solutions was first forced through the filters and discarded before 
the sample for analysis was taken. Thus the filters could not alter the 
methylamine concentration of the sample proper. 

Preparation of materials 

The 0.5 and 0.05 M sulfuric acid solutions were prepared from c. p. 
sulfuric acid and standardized against 100 per cent sodium carbonate,dried 
for two hours at 140°C. The usual precautions for highest accuracy were 
observed. 

The 0.01 M sodium hydroxide was prepared from c. p. sodium hydroxide 
and standardized by weight against the 0.05 M sulfuric acid, using methyl 
red as an indicator. 

The chloroform was Baker and Adamson quality chloroform, repurified 
by shaking with 10 per cent sodium hydroxide, washing three times with 
distilled water, shaking with 5 per cent sulfuric acid, washing again three 
times with distilled water, drying with a mixture of calcium oxide and 
calcium chloride, and then distilling. The distilled product was stored in 
well-stoppered dark bottles under an atmosphere of carbon dioxide to 
prevent oxidation. Samples kept thus for a week showed no effect on 
potassium iodide nor changed a color indicator. This observation is 
contrary to the observation of Dietrich (13). 
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Methylamine solutions were prepared by passing the gas into distilled 
water. The gas was liberated in an all-glass generator by the interaction 
of methylamine hydrochloride and concentrated sodium hydroxide solu¬ 
tion. The methylamine hydrochloride was a purified product which, upon 
drying in a vacuum, had a melting point of 234°C. The final product gave 
no test for ammonia, dimethylamine, or trimethylamine. 



Fig. 1. Distribution Curve for Methylamine Between 0.05 M Copper Sulfate 
Solution and Chloroform 


EXPERIMENTAL RESULTS 

The data and results of the distribution ratio determination are given in 
table 1. The last column contains the values of the true distribution ratio, 1 
K Df based upon calculations involving the dissociation of methylamine in 
water solution. The value of the dissociation constant, K my was taken as 
4 X 10“ 4 , this being the most probable value derived from the published 
values of Bredig, of Bruni and Sandonnini, and of Harned and Benton (14). 


l K r 


2Ci + K m ± V(K* m + 4K m Ct) 


2Ci 


where C\ and Ca are the molal concentrations 


of methylamine in the aqueous and the chloroform layers, respectively. 




784 


W. A. FELSING AND S. E. BUCKLEY 


TABLE 1 


Distribution of methylamine between water and chloroform 


RUN 

MOLAIITY Ci 

(water layer) 

MOLALITY Cl 

(CHClj layer) 

P - Cx/Ct 


1 

0 02113 

0 001521 

13 89 

12 10 

2 

0 06876 

0 005611 

12 25 

11 35 

3 

0 10151 

0 008380 

12 11 

11 38 

4 

0 08601 

0 007120 

12 08 

11 28 

5 

0 2003 

0 01682 

11 90 

11 39 

6 

0 2484 

0 02104 

11 80 

11 34 

7 

0 3793 

0 03242 

11 70 

11 32 

8 

0 5837 

, 0 05018 

11 63 

11 33 

9 

0 6850 

0 05940 

11 53 

11 25 

10 

0 7917 

0 06861 

11 53 

11 28 

11 

0 9741 

0 08473 

11 50 

11 26 

12 

1 1157 

0 09788 

11 40 

11 18 

13 

1 2773 

0 1126 

11 34 

11 14 

14 

1 4714 

0 1302 

11 30 

11 11 

15 

1 5563 

0 1379 

11 28 

11 10 

16 

1 6858 

0 1501 

11 23 

11 06 

17 

1 7485 

0 1551 

11 27 

11 10 

18 

1 9960 

| 0 1785 

11 18 

11 02 

19 

2 0384 

! 0 1834 

11 11 

10 96 

20 

2 3779 

0 2157 

11 02 

10 88 

21 

2 6180 

0 2402 

10 90 

10 76 


TABLE 2 

Distribution of mithijlaimne between aqueous copper sulfati solutions and chloroform 

Concentration in molalities 


RUN 

CV 

(in CuSOi 
solution) 

( 

(in CHCla) 

P' 

<C,'/C 2 ) 

P 

(C./Cj) 

Ci 

(Ci P) 

C x 

(CuSO<) 

Cl' - Cl 

c* 

1 

0 9037 

0 05281 

17 11 

11 58 

0 6115 

0 0519 

5 63 

2 

1 0523 

0 06334 

16 61 

11 53 

0 7303 

0 0519 

6 20 

3 

1 2238 

0 08081 

15 14 

11 46 

0 9261 

0 0525 

5 67 

4 

1 3494 

0 09318 

14 48 

11 42 

1 0641 

0 0527 

5 41 

5 

1 6093 

0 1171 

13 74 

11 36 

1 3302 

0 0532 

5 25 

6 

1 6238 

0 1177 

13 80 

11 34 

1 3347 

0 0533 

5 42 

7 

1 6547 

0 1197 

13 82 

11 35 

1 3586 

0 0533 

5 56 

8 

1 6793 

0 1291 

13 01 

11 31 

1 4601 

0 0534 

4 10 

9 

1 9322 

0 1517 

12 74 

11 24 

1 7051 

0 0539 

4 21 

10 

2 3399 

0 1967 

11 90 

11 11 

2 1853 

0 0547 

2 83 


These values of K D were plotted to large scale as functions of the con¬ 
centration of methylamine in the chloroform layer. This dependency is 
given by the linear equation: 


Kd - 11 39 - 2.32 C % 
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The variation shown is not explained by the distribution law; it is in 
accord, however, with the findings of Dawson and McCrae, of Bell and 
Fields, and of Occleshaw (15) on the distribution coefficient of ammonia 
between water and chloroform. 

Complex formation with copper sulfate 

Experimental procedure ~ -A stock solution approximately 0.5 molal in 
copper sulfate was prepared from carefully recrystallized salt. This 
solution, in any given determination, was diluted by adding to 15 g. of it 
exactly 150 g. of aqueous methylamine solution; this produced a solution 
approximately 0.05 molal in copper sulfate. Since part of the methylamine 
diffuses out of the water layer into the chloroform to establish equilibrium, 
the water layer loses weight by this amount. The actual concentration of 
copper sulfate in the water layer could be calculated from the known weight 
of aqueous solution and of chloroform placed together into the cylinder 
and the analytically determined distribution coefficient. 

The two layers were analyzed as before with the same precautions. 
Methyl orange had to be used as indicator even with the water layer, 
because the copper hydroxide formed upon titration with acid masked the 
methyl red color change. 

Experimental results .—The results of this series of determinations are 
presented in table 2. Since it was shown in table 1 that the uncorrected 
distribution coefficient for pure water and chloroform, P = Ci/C 2 , varied 
with concentration of methylamine, it was necessary to ascertain the value 
of P corresponding to each concentration in the chloroform layer when 
the copper salt is present in the aqueous layer. This permits a calculation 
to be made of the concentration of the methylamine in the water layer 
which would exist if no salt were present and permits the calculation of the 
number of moles of methylamine in combination with the cupric ion. 
For this purpose the values of P from table 1 were plotted against the 
concentration, C 2 , of methylamine in the chloroform layer. The values of 
P in column 4 of table 2 were taken from this curve. The last column of 
this table contains the calculated number of moles of methylamine com¬ 
bined per mole of copper sulfate; this ratio is not constant, the value de¬ 
creasing as the concentration of methylamine increases . The data for copper 
sulfate are plotted in the accompanying figure; in addition there are in¬ 
cluded two other curves, shown dotted and marked 4 and 6, which represent 
the values of the distribution ratio that would be required if four and six 
molecules, respectively, of methylamine were united with one mole of 
copper sulfate (neglecting any other effect). An inspection reveals that 
the number of moles of combined methylamine per mole of copper sulfate 
approaches six as a limit . Since it would be extremely unusual for the 
cupric ion to combine with six moles of methylamine in a dilute solution 
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and then liberate part of this in a more concentrated solution of the amine, 
it appears that the evidence supports the conclusion that methylamine is 
capable of uniting with the cupric ion in the ratio of 6 to 1 to form a com¬ 
plex ion with no indication that this complex dissociates appreciably even 
in dilute solution 


SUMMARY 

1 The distribution ratio of methylamine between water and chloroform 
has been determined over a range of concentrations m the water layer 
from 0 02113 to 2 6180 molal 

2 The distribution ratio is not constant, except in the very dilute region 
(after correcting for dissociation), the ratio decreases with increasing con¬ 
centration 

3 Methylamine forms a complex of the ammine type with the cupric 
ion, the number of moles of methylamine to one cupric ion approaching 
six as a maximum The number in more concentrated methylamine solu¬ 
tion appears to decrease 
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The investigation described in this paper was undertaken for the pur¬ 
pose of studying the changes in the acidity constants of certain organic 
acids as related (1) to changes in the character and position of substituted 
groups, and (2) to changes in the character of the solvent. The term 
acidity constant is used here in the same sense as it is defined by Bronsted 
(1). The methods employed in the study follow closely after those used 
by Michaelis and Mizutani (2). In short, it consists of measurements of 
the potential difference between a saturated potassium chloride calomel 
half-cell and a hydrogen electrode immersed in ethyl or methyl alcohol- 
water solutions of equimolecular concentrations of organic acids and their 
sodium salts. From such measurements the “reduced dissociation con¬ 
stants, M as defined by Michaelis and Mizutani, or the equivalent values 
of K a in Bronsted's equation 



can be calculated. The activity of hydrogen ion, Ah+, is assumed to be 
the same for two solutions of an acid, one in water and the other in alcohol 
or an alcohol-water mixture, when these show the same potential toward 
the normal hydrogen electrode. The limitations of this assumption, 
and of the method in general, are fully realized. 

EXPERIMENTAL PROCEDURE 

All materials were purified by the usual methods, and the usual precau¬ 
tions of e. m. f. measurements were observed. The Hildebrand bubbling 
electrode was used for all measurements of potential involving the hydro¬ 
gen electrode. The electrodes were platinized lightly according to the 
directions of Popoff, Kunz, and Snow (3). Hydrogen was prepared by 

1 This paper was constructed from a thesis offered by William L. Bright in partial 
fulfillment of the requirements for the degree of Doctor of Philosophy in Indiana 
University. Further details of the investigation are contained in the thesis, which 
was filed in the library of Indiana University, June, 1932. 
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the electrolysis of a solution of sodium hydroxide. A Leeds and Northrup 
Type K potentiometer and Type R reflecting galvanometer were used in 
the determination of the potentials. 

A 0.1 N solution of the acid under consideration was prepared by dis¬ 
solving the required amount of carefully weighed acid in absolute alcohol. 
The acid was weighed, using all the usual precautions and making the 
usual corrections, on a microanalytical balance. Flasks of 100 ml. capac¬ 
ity and carefully calibrated were used in making up these solutions. In 
making up the solutions of varying proportions of alcohol, 20 ml. of the 
0.1 N acid solution and 10 ml. of a 0.1 AT aqueous sodium hydroxide solu¬ 
tion were added to a 100-ml. flask from a calibrated burette. The quan¬ 
tities of alcohol and water necessary to give the desired ratio of these 
solvents were then added. 

The e. m. f. was read at five minute intervals, until two consecutive 
readings did not vary more than 0.2 millivolt. Equilibrium at the hydro¬ 
gen electrode was usually reached in about twenty minutes. All measure¬ 
ments of e. m. f. were made in an air-bath at 25° (±1°)C. For the calcu¬ 
lation of the pH of solutions, the values of the potential of the calomel 
half-cell at the temperature of the experiment have been taken from tables 
prepared by Clark (4). Other values used in calculating the pH of solu¬ 
tions for which the quinhydrone electrode was used were also obtained from 
Clark’s tables. 

In the few cases where our determinations overlap those made by 
Michaelis and Mizutani, we have been interested in checking our equip¬ 
ment and procedure against theirs. The two sets of values for the pH of 
the solutions are not quite in agreement, because it appears that Michaelis 
and Mizutani have used a different value for the e. m. f. of the saturated 
potassium chloride calomel half-cell than that given by Clark. Thus, at 
18°C. Clark’s value for this half-cell is 0.251 volt, while that used by 
Michaelis and Mizutani appears to be 0.2498 volt. 

RESULTS 

The results of the determinations are shown in table 1. The values 
of pH for solutions in 100 per cent alcohol are those obtained by extrapola¬ 
tion, an unavoidable method which is subject, of course, to some error. 
The points on the curve for zero per cent alcohol may be taken either 
from the observed pH values, or they may be based upon the convention, 
which is usually followed, that pK A for aqueous solutions is equal to the 
pK of dissociation. Comparisons of the values obtained by the use of the 
quinhydrone and hydrogen electrodes have been made for the solutions of 
benzoic acid. The quinhydrone electrode was used in the study of the 
nitrobenzoic acids, since the hydrogen electrode did not give equilibrium 
readings in these solutions. 
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Measurements of pH in alcohol-water mixtures 
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DISCUSSION OF RESULTS 

Variations of K a with differences in the structure of the acids 

The acidity constants of the substituted benzoic acids show the effect 
of (1) the nature of the substituent, and (2) its position in the benzene 
nucleus with respect to the carboxyl group. We may interpret these effects 

TABLE 2 


The acidity constants of substituted benzoic acids in methyl and ethyl alcohols* 


I 

ACID 

II 

III 

pKa — P&A (Benzoic acid) 

Ethyl alcohol 

o-Nitrobenzoic 

5 14 

—2 15 

p-Nitrobenzoic. 

5 54 

-1 75 

Salicylic 

5 61 

-1 68 

m-Nitrobenzoic 

5 70 

-1 59 

o-Chlorobenzoic 

6 14 

-1 15 

m-Chlorobenzoic 

6 70 

-0 59 

p-Chlorobenzoic 

6 84 

-0 45 

Benzoic. . 

7 29 

0 00 

o-Toluic. 

7 34 

0 05 

p-Toluic 

7 36 

0 07 

m-Hydroxybenzoic 

7 48 

0 19 

m-Toluic. . 

7 50 

0 21 

m-Aminobenzoic 

7 54 

0 25 

o-Aminobenzoic 

8 00 

0 71 

p-Hydroxybenzoie 

8 10 

0 81 

p-Aminobenzoic 

8 38 

1 09 

Methyl alcohol 

o-Nitrobenzoic 

4 52 

-1 98 

m-Nitrobenzoic 

5 12 

-1 38 - 

p-Nitrobenzoic 

5 20 

-1 30 

o-Chlorobenzoic 

5 48 

-1 02 

m-Chlorobenzoic 

6 02 

-0 48 

p-Chlorobenzoic 

6 10 

-0 40 

Benzoic . . 

6 50 

0 00 


* The acids are listed in the order of decreasing acidity, 
t Uncorrected for ion activity instead of ion concentration. 


in the light of Kharasch’s (5) measurements of the relative electronega¬ 
tivities of different organic radicals. Accepting his meaning of the term 
electronegativity, it appears that the more electronegative the atom or 
group (R) attached to the hydroxyl radical (ROH), the more readily 
hydrogen is removed from its linkage with oxygen; thus, phenol is a 
stronger acid than methyl alcohol. In keeping with the interpretation 
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below, this may mean that the presence of the electronegative atom or 
group causes oxygen (in OH) to act less electronegatively toward hydro¬ 
gen and, therefore, to hold hydrogen less firmly. Concerning substitu¬ 
tions for hydrogen in the radical R, Kharasch finds that the more electro¬ 
negative the substituent, the less readily this radical combines with 
hydrogen. He takes this to mean that R becomes less electronegative 
(toward hydrogen). The acidity constants of the substituted benzoic 
acids indicate that the more electronegative the substituent, the more 
readily hydrogen can be removed from its linkage with the RCOO— 
group. To apply Kharasch's reasoning to these results, it appears that 
we must assume that the substitution of an electronegative atom or 
group in R causes the RCOO— group to act less electronegatively toward 
hydrogen. There is the other view, of course, that the electronegative 
substituent causes the RCOO— group to act more electronegatively toward 
hydrogen. The increase in the strength of the acid may be due, in other 
words, to a change in the RCOO—H linkage which makes it more electro- 
valent and less covalent in character. Our present purposes do not 
require a discussion of the merits of these two points of view. 

Kharasch finds that the presence of chlorine in any position in the phenyl 
group causes this group to exert a slightly decreased electronegativity 
toward any atom or group attached to it. This we may call the primary 
effect. This primary effect is modified somewhat by a secondary effect, 
which depends tipon whether chlorine occupies the ortho, meta, or para 
position. The latter may be due to the orienting effect of chlorine upon 
the six “aromatic” electrons to which benzene owes its unsaturation. 



Cl Cl 

Increased electronegativity Decreased electronegativity 



Increased electronegativity 

Accordingly, chlorine in the meta position still further decreases the 
electronegativity of phenyl. Para and ortho chlorine, on the other hand, 
oppose the primary effect of the substitution of chlorine and slightly 
increase the electronegativity of the radical, although they do not over¬ 
come the decrease produced by the primary effect of chlorine. According 
to Kharasch’s findings, the electronegativity of p-chlorophenyl is greater 
than the electronegativity of o-chlorophenyl; and both radicals are more 
electronegative than ra-chlorophenyl. Chlorine in the para position acts, 


the journal of physical chemistry, YOL XXXVII, NO 6 



792 


WILLIAM L. BRIGHT AND H. T. BRISCOE 


therefore, as a slightly less electronegative substituent than meta chlorine. 
Hence, p-chlorobenzoic acid should possess a smaller acidity constant than 
m-chlorobenzoic acid, in which both the primary and secondary effects 
act in the same direction. The acidity constant of p-chlorobenzoic acid 
falls next above that of benzoic acid. It appears, therefore, that in p- 
chlorobenzoic acid the secondary effect of chlorine in the para position 
almost neutralizes the primary effect. 

The order of the acidity constant of o-chlorobenzoic acid is not what 
we might expect. Based upon Kharasch’s order of electronegativity we 
should predict that o-chlorobenzoic acid should be intermediate, but 
instead it is stronger than either p-chlorobenzoic or m-chlorobenzoic acid. 
This discrepancy may be due to several causes. In the substituted benzoic 
acids, hydrogen is attached to an oxygen atom of the carboxyl group, 
which is itself a substituent in the phenyl group. If the carboxyl group is 
very weakly electronegative, as Kharasch believes, its effect is opposite to 
that of chlorine. For certain positions of chlorine the effects of the two 
substituents may be such as to decrease the electronegativity of phenyl 
toward chlorine. In such cases we must consider the electronegativity 
of chlorine toward phenyl as having been increased. In o-chlorobenzoic 
acid both chlorine and carboxyl may orient the six aromatic electrons of 
phenyl to the same positions: 



Cl 


The increased electronegativity of chlorine in the ortho position results 
in slightly increased strength for o-chlorobenzoic acid. In m-chlorobenzoic 
acid the orienting influences of carboxyl and chlorine are opposed: 

<! >“ <_>~ C00H 

Cl 

In this case carboxyl slightly decreases the electronegativity of chlorine 
toward phenyl. This makes m-chlorobenzoic acid weaker than o-chloro- 
benzoic acid. 

Methyl is less electronegative than chlorine. The tolyls are corre¬ 
spondingly more electronegative than the chlorophenyls. The toluic 
acids are weaker than benzoic. Their acidity constants fall in the order 
o > p > m. The order of the electronegativity of the tolyls is the same. 
M!ethyl in the ortho and para positions, as in the case of the substitution 
of chlorine, appears to increase slightly the electronegativity of phenyl. 
Since the primary effect of methyl-substitution also results in an increase 
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in electronegativity, the two effects are additive in the o- and p-tolyls. 
Methyl in the meta position, however, slightly decreases the primary 
effect. Hence, o- and p-tolyl are more electronegative than m-tolyl. 

Carboxyl should slightly increase the electronegativity of ortho or 
para methyl and decrease that of meta methyl. These differences in the 
electronegativity of methyl in its different positions account for the order 
of acidity constants. 

The order of the acidity constants of the nitrobenzoic acids in ethyl 
alcohol is o > p > m. We cannot be certain of the order of the electro¬ 
negativity of the nitrophenyls. The nitro group is more electronegative 
than chlorine; the nitrobenzoic acids are correspondingly stronger than 
the chlorobenzoic acids. If the hydroxyl radical has the same effect as 
methyl upon the electronegativity of the phenyl group, hydroxybenzoic 
acids should be weaker than benzoic acid. Kharasch states that both 
groups increase the electronegativity of phenyl, but he does not state that 
this is true for all positions of the hydroxyl radical. We find o-hydroxy- 
benzoic (salicylic) acid stronger than benzoic acid, while the meta and 
para acids are weaker. In the hydroxybenzoic acids two hydroxyl groups 
are present, one in each substituent. The effect of the presence of these 
two groups on adjacent carbon atoms may have a profound influence upon 
the acidity constant of o-hydroxybenzoic acid. This effect may be of the 
same character as that which a hydroxylic solvent, such as water, exerts 
upon the dissociation of an acid dissolved in it. 

The acidity constants of the aminobenzoic acids in ethyl alcohol are in 
the order m > o > p. This indicates that the amino radical has the 
opposite effect of chlorine and methyl upon the orientation of the “aro¬ 
matic” electrons of phenyl. If the substitution of the amino group in¬ 
creases the electronegativity of phenyl, then the secondary effects of amino 
in the meta position will cause phenyl to be still more electronegative. 
Substitution of the amino radical in the ortho and para positions, however, 
will tend to decrease the electronegativity of phenyl. If this reasoning is 
correct, the order of electronegativity of the aminophenyls should be 
m > (o and p). If the amino group is less electronegative than carboxyl, 
as seems likely, then the effect of carboxyl will be to make the ortho and 
para amino groups slightly less and the meta amino radical slightly more 
negative than when carboxyl is not present. These differences should 
make ra-aminobenzoic acid slightly stronger than o- and p-aminobenzoic 
acids. The whole question of the acidity constants of the aminobenzoic 
acids, however, must be considered in the light of their amphoteric char¬ 
acter. 

The order of the acidity constants of the acids in methyl alcohol is the 
same as in ethyl alcohol. The acidity constants of the aliphatic acids 
(table 3) show no differences of any significance in either methyl or ethyl 
alcohol. 
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Variations of acidity constants of acids in water , methyl alcohol f and ethyl 

alcohol 

The effect of the change of solvent upon the acidity constants of different 
acids (table 3) is not constant, and does not depend entirely upon the 
dielectric constants of the solvents. The change in K A with change of 

TABLE 3 


Changes of pK A * of acids with changes of solvent 


I 

ACID 

II 

pK A IN 
C 2 H 6 OH 

III 

pK A IN 

CHiOH 

IV 

ptf.lt ™ 

WATER 

V 

II -IV 

VI 

pK A 

III - IV 

VII 

vK A 

II-III 

o-Nitrobenzoic. 

5 14 

4 52 

2 63J 

2 51 

1 89 

0 62 

p-Nitrobenzoic . 

| 5 54 

5 20 

3 40 

2 14 

1 73 

0 34 

Salicylic 

5 61 


2 97 

2 64 



w-Nitrobenzoic 

5 70 

5 12 

3 46 

2 24 

1 66 

0 58 

o-Chlorobenzoic . 

6 14 

5 48 

2 88 

3 26 

2 60 

0 66 

m-Chlorobenzoic 

6 70 

6 02 

3 81 

2 89 

2 21 

0 68 

p-Chlorobenzoic 

6 84 

6 10 

4 04 

2 80 

2 06 

0 74 

Benzoic. 

7 29 

6 50 

4 18 

3 11 

2 32 

0 79 

o-Toluic 

7 34 


3 90 

3 44 



p-Toluic 

7 36 


4 37 

2 99 



m-Hydroxybenzoic 

7 48 


4 08 

3 40 



m-Toluic. 

7 50 


4 25 

3 25 



m-Aminobenzoic 

7 54 


4 79 

2 75 



o-Aminobenzoio 

8 00 


4 97 

3 03 



p-Hydroxybenzoic 

8 10 


4 54 

3 56 



p-Aminobenzoic 

8 38 


4 92 

3 46 



Propionic 

7 96 

7 20 

4 88 

3 08 

2 32 

0 76 

n-Butyric 

7 90 

7 24 

4 82 

3 08 

2 42 

0 66 

Isobutyric 

8 08 

7 40 

4 81 

3 27 

2 59 

0 68 

n-Valeric 

7 98 

7 33 

4 81 

3 17 

2 52 

0 65 

Isovaleric 

7 92 

7 29 

4 77 

3 15 

2 52 

Q.63 

n-Caproic . 

7 88 

7 26 

4 85 

3 03 

2 41 

0 62 

Isocaproic 

7 98 

7 16 

4 84 

3 14 

2 32 

0 82 

Average 




3 02 

2 25 

0 65 


* Uncorrected for ion activities instead of ion concentration 
t pK A pK &iss for aqueous solutions 

% By graphical extrapolation. 


medium is determined by the effect of the medium upon the ratio f A /fs 
of the activity coefficients of the uncharged acid and its anion. For mono¬ 
basic organic acids, such as those which we have studied, the change from 
a medium of high to one of low dielectric constant should cause a slight 
decrease in the activity coefficient of the undissociated acid and an increase 
in the activity coefficient of the monovalent anion of the acid. These 
effects should result in a decrease in the acidity constant or an increase 
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in the values of pK A . This is true for all the acids studied. The change 
in the acidity constants of the aliphatic acids (from one medium to another) 
is practically constant. But for the substituted benzoic acids the change 
of pK A with change of medium is decidedly different for the different 
acids. In general it may be said that the change in pK A increases with 
decreasing acidity. For those acids which are stronger than benzoic acid, 
the change in pK A is less than for benzoic acid. For those which are 
weaker than benzoic acid, the change in pK A is somewhat greater than or 
approximately the same as for benzoic acid. Even for the chain acids, 
a slight increase of the change is to be noted as the acidity decreases. In 
some cases (the hydroxybenzoic acids for example) there is a wide varia¬ 
tion in the extent of the change of pK A for the ortho, meta, and para 
isomers. In other cases, notably in the cases of the toluic acids, the effect 
is about the same for all three forms. 

The relative order of the acidity constants of the different acids in ethyl 
alcohol, methyl alcohol, and water is not the same. This indicates that 
the effects, such as solvation, etc., upon the ratio of the activity coefficients 
of the acid and its anion in the three solvents are not comparable except 
for very closely related acids, such as those of the aliphatic series. 

The difference between the negative logarithms of the basicity constants 
of water and ethyl alcohol can be measured by determining the difference 
between the negative logarithm of the dissociation constant of an acid in 
alcohol and th(f negative logarithm of the acidity constant of the same 
acid in alcohol. Kolthoff (8) has calculated this difference for salicylic 
and benzoic acids. His values are based upon the acidity constants of 
Michaelis and Mizutani, which he corrects for ion activities in place of ion 
concentrations. Using a similar method of calculation, our determina¬ 
tions for the three nitrobenzoic acids show a practically constant difference 
of 2.86 logarithmic units. This value is slightly higher than that obtained 
for salicylic and benzoic acids, in which cases our average difference was 
2.7 logarithmic units. The latter figure is in agreement with Kolthoffs 
calculations. For the dissociation constants of the acids in ethyl alcohol 
and water we have used the data of Larsson (9), Goldschmidt (10), and 
Bjerrum and Larsson (11). 

The determinations of the pK A values for the nitrobenzoic acids were 
made, necessarily, by means of the quinhydrone electrode. We have 
measured the acidity constant of benzoic acid in water-alcohol mixtures 
by means of both hydrogen and quinhydrone electrodes. These results 
show a greater value for pK A when the determination is carried out by 
means of a quinhydrone electrode than when the same value is measured 
by the hydrogen electrode. For the smaller concentrations of alcohol the 
differences in the two determinations of pK A are negligible. But the 
extrapolated values of pK A in 100 per cent alcohol show a difference of 
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0.19 logarithmic unit. Two similar determinations were also made of the 
pK A of p-toluic acid; the difference between these was 0.15 unit. If we 
assume that the difference is of the same order for the nitrobenzoic acids, 
then the difference between the negative logarithms of the basicity con¬ 
stants of ethyl alcohol and water is 2.86 — 0.17 = 2.69, which is the same 
value as we have found for the solutions of benzoic and salicylic acids. 

The determinations of the relative basicity constants of different sol¬ 
vents are largely dependent upon accurate determinations of the dissocia¬ 
tion constants of the acids dissolved in such solvents. Available data do 
not permit the determination of a single value for the difference between 
the negative logarithms of the basicity constants of water and methyl 
alcohol. So far, the determinations in ethyl alcohol are limited to five 
solutions, three of which are discussed in this paper for the first time. 
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It having been demonstrated that the angle of contact plays a very im¬ 
portant part in determining the tenacity of attachment between a condi¬ 
tioned mineral surface and air, it becomes important to determine what 
factors determine the angle of contact. The magnitude of the angle of 
contact is fixed by the interfacial tensions of the three phases meeting at 
the line of triple contact mineral-air-water. Consequently, any factor 
having an effect on any one of the three surface tensions (or surface 
energies) will influence the angle of contact. 

Every surface change may be expected to influence the surface energy, 
and thus no factor which influences the surface is without influence on 
flotation. Confusion has arisen in the literature owing to a lack of ap¬ 
preciation of this fact. Thus several writers, in emphasizing the impor¬ 
tance of some one factor, have put forward their views as a complete theory 
of flotation. Even the writers of textbooks refer to the “contact angle 
theory of flotation,” the “adsorption theory of flotation/ 7 etc. 

Though no one factor is responsible for flotation, no factor is more im¬ 
portant in flotation by soluble collectors than adsorption, and this is 
particularly true of adsorption at the solid surface. It has been shown 
(1) that air does not even partially replace water from clean surfaces of 
many common sulfide or gangue minerals. Metals and oxidized minerals 
behave similarly. It is only after the surfaces have acquired a coating 
of some “collector” that any displacement of water by air is possible 
at the surface. In the early application of flotation, the collectors used 
were oils and the surfaces were filmed by oil. Latterly, oils have been largely 
displaced as collectors by soluble non-oleaginous compounds, of which po¬ 
tassium ethyl xanthate is the most used. These, only, are considered in 
the present discussion. Under certain conditions unimolecular films are 
adsorbed by the minerals which then display a definite air avidity. 

The orientation of the adsorbed molecule is all-important. If there be 
no polar group in the surface, contact with air (and displacement of water) 
is possible; if there be a polar group in the surface, contact with air is im¬ 
possible. The lead, zinc, and copper salts of mandelic acid float very 
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readily, though they are heavier than water. Mandelic acid contains two 
active groups; it is evident that both are orientated inwards in these salts, 
which are coordination compounds, and that the non-polar phenyl group 
is orientated outwards. The parent acid and the sodium salt are not col¬ 
lectors, however, for the sulfide minerals, proving that if they are adsorbed, 
there is an active group outermost. Other acids might be cited whose 
heavy metal salts float readily but which, themselves, do not act as col¬ 
lectors for the sulfide minerals. On the other hand, it is probably true 
that an acid, or its soluble salts, would not cause floatability if the heavy 
metal salts were not themselves readily floatable. 

There are three aspects of the adsorption of soluble collectors which need 
examination. 

1. Under what conditions does adsorption of the collector occur? 

2. At what rate does adsorption occur? 

3. If adsorption occurs, how is the angle of contact related to the con¬ 

stitution of the collector? 

The first question is the most difficult to answer. Modern selective 
flotation is based upon the adsorption of a collector by one mineral and 
not by another, and an explanation must be sought for the differences 
between minerals in this respect. It is avoiding the issue to say that cer¬ 
tain minerals attract the CS S— group, though this is the customary 
method of accounting for adsorption. Incidentally, a valid explanation 
for the adsorption of xanthates by minerals would mark an important step 
forward in the theory of adsorption. 

Of the theories which have been advanced, none has received more 
attention than that which postulates that adsorption is due to the forma¬ 
tion of an insoluble compound on the mineral surface, and attention should 
be drawn to certain exceptions, lest it be taken for granted that the theory 
is established. Of the other theories, that which seeks to explain adsorp¬ 
tion in terms of surface charges is also worthy of more consideration, but in 
the absence of definite experimental verification we have perforce to confine 
our attention to the former, the so-called “chemical” theory. 

The chemical theory has been sponsored by Taggart and Gaudin and 
their collaborators. Gaudin, Haynes, and Haas (2) state that it has ap¬ 
peared more and more as their experimental work has progressed that the 
action of reagents on the flotation of sphalerite is strictly chemical. Tag¬ 
gart, Taylor, and Knoll (3) advance the generalization, “Simple chemical 
reaction underlies the functioning of the flotation reagents which control 
mineral collection, when these reagents are soluble in and act from solution 
in the water of the pulp.” The proviso excludes collectors which are oils. 
It was not claimed that this generalization was substantiated exhaustively, 
and we therefore propose to discuss its usefulness as a working hypothesis. 

A truly chemical theory irtiplies that adsorption can occur only when the 
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solution is saturated with respect to the adsorbed compound. As early as 
1915, Paneth and Horowitz (4) pointed out that the amount of adsorption 
of certain radioactive elements is dependent on the degree of insolubility 
of their salts. This conclusion was confirmed by Fajans and Horowitz (5). 

Evidence has been adduced by Taggart and Gaudin and their collabora¬ 
tors to show that there is a close connection between adsorption of xan- 
thate at a mineral surface and the solubility of the xanthate of the metal 
in the mineral. Before the chemical theory can be accepted, it must be 
shown that this connection amounts to identity. In other words, it is 
necessary to show that the forces controlling adsorption are of the primary 
valence type. 

The adsorbed film is surprisingly stable. Once adsorption has occurred, 
contact with air continues to be possible though the surface be washed with 
several changes of water. The alkali metal xanthate of the solution from 
which adsorption has occurred is extremely soluble in water; the heavy 
metal salts are of extremely low solubility. The heavy metal xanthates, 
moreover, flocculate readily about an air bubble and then float readily. 
There is thus some presumptive but not conclusive evidence that the 
adsorption is due 1o an insoluble film of the heavy metal salt. 

Taggart (3) has stated, “We are rather inclined to think that in every 
case the solubility of the substance as a surface coating is somewhat less 
than that of the same substance independently put into solution, but I 
do not know.” The solubility term used in describing adsorption may 
thus be different from that of the solubility of the same compound in bulk. 
It is of significance that the statement quoted arose in a discussion following 
the presentation by Taggart and his associates of a paper in which an 
attempt was implicitly made to explain “adsorption” in terms of primary 
chemical reactions. Does it not amount to an admission that the expla¬ 
nation was incomplete, i.e., that secondary valences must be considered? 

Gaudin, Haynes, and Haas (2) evidently doubt the universal validity 
of the theory, for they state that though sphalerite can be floated by cer¬ 
tain amines, no insoluble sulfides or zinc salts are formed by them. Ap¬ 
parently the substituted hydrazines may be classed with the amines. 

Thus, though there is undoubtedly much evidence of a qualitative nature 
in favor of this theory of adsorption, there are many cases which apparently 
are exceptions. Upon examination some of the exceptional cases may 
later be explained on the grounds of oiling, but until such exceptional cases 
have been classified no sweeping generalization is justified. 

Many cases have been cited in the earlier paper (1) which seem to con¬ 
form to the chemical theory. Firstly, concerning the mode of action of 
activators, e.g., copper sulfate for sphalerite, the information available 
suggests that this follows the order of solubility of the sulfides. The chemi¬ 
cal theory, if applicable here, would state that lead nitrate is effective in 
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activating sphalerite because lead sulfide is less soluble in the solution than 
zinc sulfide and so on, but experimental proof of this principle, which alone 
could decide whether the action were purely chemical, has not been ad¬ 
vanced. Secondly, concerning the mode of action of the xanthate, it has 
generally been found that contact with air becomes possible at about the 
concentrations of metal and xanthate ions at which a precipitate of the 
metal xanthate forms. This is illustrated by the use of zinc sulfate to 
activate sphalerite. This type of evidence, which could be added to from 
the works of other writers, constitutes the case for the theory. Let us 
consider the case against it. Firstly, objections based on experimental 
evidence will be considered; secondly, certain theoretical objects will be 
discussed. 

1. Some work on calcium heptoate has been cited by Gaudin and Han¬ 
sen (6), which at first sight seems to support the theory. They deduce, 
“When the solution is saturated (with calcium heptoate) the superficial 
film of calcium soap (heptoate) is complete. At a concentration less than 
saturated, the superficial film is incomplete. ,, A truly chemical theory 
implies no adsorption until the solution is saturated, and therefore the 
data may be used as an argument against the theory. 

(2) It has not been shown decisively that contract first occurs under 
exactly the same conditions as precipitation. It would be difficult to prove 
this with the xanthates, because of their low solubility, but Gaudin’s 
case of flotation of calcite by heptoic acid appears to be suitable for the 
test. Unfortunately, as pointed out above, this case does not indicate 
exact coincidence of these two conditions. Taggart and his collaborators 
have evidently noticed some similar flaws in the theory. 

(3) Some unpublished work dealing with the effect of cyanide and alkali 
on adsorption of xanthates has shown that in many cases adsorption oc¬ 
curs under conditions where no heavy metal xanthate precipitation has 
occurred and that in others, despite the precipitation of xanthates, no ad¬ 
sorption of xanthate has occurred. 

On theoretical grounds two difficulties arise. Firstly, it follows from the 
constancy of the angle for ethyl xanthate for different minerals (1), that the 
number of alkyl groups in the surface is independent of the mineral. The 
size of this group, rather than any dimensions of the crystal lattice, evidently 
determines the extent of adsorption. Therefore, every metallic and/or sul¬ 
fide group of the surface may not be involved in anchoring the adsorption 
complex. Though (if this solubility or chemical theory is to hold) each 
xanthate ion takes the place of a sulfide ion in the surface, not every sulfide 
ion can be so replaced. The fate of those not replaced is uncertain. Do 
they pass into solution or is the final condition a mixed xanthate/sulfide 
surface with the xanthate portions shielding the sulfide? The solubility 
theory deals only with the possibility of and not with the extent of 
adsorption. 
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Secondly, the xanthates are stated by Weinig and Palmer (7) to be more 
soluble than the corresponding sulfides. The replacement of the sulfides of 
the surface by xanthates therefore needs further explanation. Taggart, 
Taylor, and Ince (8) and Taggart (9) have assumed that sulfides change 
on the surface to more soluble thiosulfates, sulfates, carbonates, hydroxides, 
etc. 

The surface of galena can under certain conditions be changed to sulfate. 
Evidence has been adduced which shows that sulfate may be detected in 
solution after flotation of galena by xanthate. This evidence does not 
show, however, whether this sulfate is first formed at the surface and then 
replaced by xanthate, or whether it is formed by oxidation of sulfide ions 
which dissolve in the solution or which enter it as the result of metathesis 
with the xanthate. It would seem impossible to devise experiments to 
distinguish between these possibilities. It is perhaps significant that 
anglesite (natural lead sulfate) is more difficult to float than galena. 

Accurate solubility determinations of xanthates and sulfides might 
prove it unnecessary, however, to assume the formation of any oxidized 
compounds on the surface. Even though the xanthate were more soluble 
than the sulfide, it is conceivable that the relatively high xanthate ion 
concentration might displace the equilibrium 

PbS + 2X“ = PbX 2 + S 

sufficiently to the right to allow the formation of lead xanthate on the sur¬ 
face. 

The adsorption of xanthates by the noble metals (see following paper) 
can hardly be explained by metathesis. Excluding the doubtful possi¬ 
bility of surface oxidation, it must be concluded that xanthate ion or xan- 
thic acid is directly adsorbed. Such a conclusion is at variance with the 
solubility or chemical theory of adsorption. 

The balance of the evidence appears to be against the chemical theory, 
and for the present it is suggested that in its place there should be substi¬ 
tuted the generalization, “The ability of a mineral to adsorb a soluble 
chemical flotation collector containing sulfur is closely related to the 
solubility of the salt formed by the collector and the metal of the mineral. ,, 

Concerning the second question, the time required after the mineral is 
placed in a xanthate solution before contact with air can be effected, was 
discussed very briefly in the paper previously mentioned (1). This dis¬ 
cussion was concerned mainly with the development of the full equilibrium 
angle. Flotation, however, is possible, provided that an angle is possible— 
not necessarily the equilibrium angle- and it is therefore desirable to 
consider the speed with which sufficient adsorption occurs to enable any 
contact to occur. 

Using any of the common sulfide minerals except galena, if contact is 
going to take place it is usually possible as soon as the bubble can be 
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brought into contact with its surface after its immersion in the xanthate 
solution (25 mg. per liter). Even where activation is necessary, e.g., where 
sphalerite must be activated by copper sulfate, response is equally rapid. 
With lower xanthate concentrations adsorption may be a little slower, but 
generally, if contact is going to be possible, there is some indication of it 
within a minute or two. Other collectors (see the following paper) are 
adsorbed just as quickly. 

Using galena, a second reaction apparently is possible which may inter¬ 
fere with the standard method used by us of detecting an adsorbed xanthate 
film. The nature of this reaction is at present unknown. It is pre¬ 
vented or removed by violent agitation of the test specimen with fine par¬ 
ticles of galena or sand, such as would normally occur in a flotation machine. 
It is removed also by wiping the surface with a pad of linen, a process more 
easily carried out than agitation in a miniature flotation machine. It is 
now customary to wipe the surfaces of all minerals with linen prior to mak¬ 
ing the final measurements of contact angle. Generally, this is without 
effect on the angle, but occasionally, as in this case, or where a fine precipi¬ 
tate has settled on the surface, it is essential. Wiping the surface in this 
way does not remove the xanthate film. It is surmised that, where it is ef¬ 
fective, the pad of linen removes an irregular film of some precipitate which 
has formed or settled on the surface and which mechanically prevents con¬ 
tact between the bubble and the adsorbed film on the surface. 

With these precautions a chalcopyrite surface responds fully to 1 mg. per 
liter of potassium ethyl xanthate within five minutes and a galena surface 
within ten minutes. 

Comparatively little attention has been paid in this laboratory to meas¬ 
urements of the rates of adsorption of xanthates by mineral surfaces. Aris¬ 
ing out of earlier work the conviction has grown that an ideal flotation 
process must be based upon conditions where only one of the minerals* to 
be separated is responsive to air, the other being completely non-responsive. 
Processes based upon differences in the rate of adsorption of xanthate have 
not appeared attractive. 

The third question—the relationship between the angle of contact and 
the constitution of the collector—has been discussed in the paper already 
referred to (1). It is considered in greater detail in the next paper. 

We wish to thank Mr. H. Hey for his constructive criticism in the prep¬ 
aration of this paper. 
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Wark and Cox (1) demonstrated that the contact between air and 
mineral induced by potassium ethyl xanthate led to the development of a 
contact angle which was independent of the nature of the adsorbing solid 
and of the concentration of the xanthate; that another compound contain¬ 
ing the ethoxy group, namely, sodium diethyl dithiophosphate, led to the 
same angle; that in the homologous series each xanthate led to a different 
angle, the size of the angle increasing with the number of carbon atoms in 
the alkyl group; and that several compounds containing substituted phenyl 
groups led to a substantially common angle. It was concluded that uni- 
molecular films of these compounds were adsorbed at the surface of the 
adsorbing solid 4 ; that the collector molecules were orientated in such a way 
that the alkyl or aryl group was outermost and that they were packed as 
closely as the superficial area of the molecule would permit. It was also 
suspected that the non-polar group would prove to be entirely responsible 
for the magnitude of the angle of contact. The data of the present paper 
support these conclusions. They are also consistent with the theory that 
there is a close connection—not necessarily an identity—between adsorp¬ 
tion of a collector and insolubility of its heavy metal salts. 

It is to be emphasized that only sulfur-bearing compounds have been 
tested, and until other types of compounds have been investigated there 
must remain some uncertainty whether the angle of contact is completely 
independent of the polar group of the collector, to which, however, must 
be attributed its adsorption. Table 1 summarizes the results obtained to 
date. The blanks indicate that no measurements were made. 

i This work was done during the tenure of a Bartlett Research Scholarship at the 
Melbourne University, held by one of the authors (E. E. W.). It arose from obser¬ 
vations made in the Flotation Research Laboratory of the University of Melbourne. 
This laboratory is maintained by a group of six mining companies, namely, the 
Broken Hill South Ltd., North Broken Hill Ltd., Zinc Corporation Ltd., Electrolytic 
Zinc Company of Australasia Ltd., Mount Lyell Mining & Railway Company, and 
Burma Corporation Ltd., and the other author (I. W. W.) is directly employed by 
these companies. 
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TABLE 1 


Dependence of angle of contact on nature of adsorbed compound 
(Abridged summary*) 


ORGANIC TYPE 

SPECIFIC NON-POLAR GROUP 

Methyl 

Ethyl 

Butyl 

Benzyl 

Phenyl 

Other 

cyclic 

derivatives 

Disubstituted dithiocarbamate 

60 

60 

— 

— 

— 

68 

Mercaptan 

— 

60 

74 

71 

70 

69 to 71 

Xanthatef 

50 

60 

74 

72 

— 

71 to 75 

Dithiophosphate 

— 

59 

— 

— 

— 

— 

Trithiocarbonate 

— 

61 

74 

— 

— 

— 

Monothiocarbonate 

— 

61 

73 

— 

— 

— 


* This summary does not include the results for several non-polar groups which 
were investigated in one compound only These follow in later tables. 

f The results for the xanthates and for diethyl dithiophosphate are taken from 
the paper by Wark and Cox (1). 


The following ethyl derivatives having thus given identical angles, it 
may be concluded that the number of ethyl groups in the compound influ¬ 
ences neither the angle of contact nor the packing of the surface groups. 


OEt 

/ 

s=c 

\ 

ONa 

H—S—Et or 

OEt 

/ 

o=c 

\ 

SNa 

Mercaptan Monothiocarbonate 

Et 

/ 

N 

/ \ 

S=C Et 

\ 

S—Na 


Dithiocarbamate 


OEt 


/ 

s=c 

\ 


SNa 


SEt 


/ 

S—c 

\ 


SNa 


Dithiocarbonate Tnthiocarbonate 


OEt 

OEt 

/ 

S=P 

\ 

s 

\ 

Na 

Dithiophosphate 


It is of interest to compare the angle of contact at a unimolecular film 
with that at the surface of a solid containing the same surface group. 
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Unimolecular film of thiophenol 70° 

Solid diphenyl surface .. 81 to 87° 

Solid diphenyl ether surface approximately 90° 

The unimolecular film is evidently more polar than the solid compound. 

EXPERIMENTAL METHOD 

The method of measurement of contact angle has been described in detail 
by Wark and Cox (1). It is based on the method of Taggart, Taylor, 
and Ince (2), the important innovation being in the preparation of the 
mineral specimen by polishing. Polishing gives a reproducible surface 
at which the hysteresis is a minimum. A test of cleanliness is available, 
viz., that an air bubble will not make contact with a “clean” surface of 
any of the common sulfide minerals, of the metals, or of the common 
gangue minerals. 

Briefly, the method of experiment is as follows: An air-mineral-water 
contact is effected at a horizontal surface by bringing a small bubble of air 
downwards into contact with the surface of a submerged mineral or metal 
specimen. A magnified image of the contact is projected on to a ground 
glass plate on which the angle of contact is easily measured. It is necessary 
to tap the support lightly to overcome the hysteresis effect. Recorded 
angles are the mean of at least six measurements. Duplicates agreed 
within 2°. 

EXPERIMENTAL RESULTS 
A . Adsorption of dithiocarbamates 

The ammonium salts of the dithiocarbamates crystallize at room tem¬ 
perature from a mixture of the corresponding amine, carbon bisulfide, 
and ammonia. After extraction with acetone the product is sufficiently 
pure for testing; attempts at recrystallization generally lead to decom¬ 
position. 

Table 2 presents the results for the compounds of this type. In many 
cases a mineral fails to respond to the compound unless “activated” by a 
heavy metal salt. Wark and Cox showed that sometimes the addition of a 
salt of the metal whose sulfide is being tested is sufficient to effect activa¬ 
tion, but more often it is necessary to add the salt of a metal forming a 
less soluble sulfide. In the table, cases where activation is necessary are 
marked (a) or (b) respectively, corresponding to those two modes of activa¬ 
tion. The symbol (p) signifies that the angle of contact was determined 
in a solution containing pyrogallol, which inhibits the formation of inter¬ 
fering oxidation products in the manner described later. 

No attempt was made to determine the minimum effective concentration 
of any of the reagents employed; the aim was to determine the equilibrium 
contact angle under such conditions that contact was possible. 
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When using the diethyl dithiocarbamate, 25 mg. per liter of the salt gen¬ 
erally sufficed. There was difficulty, however, in effecting contact at a 
pyrite surface, owing to very rapid fouling by the iron salt; this is formed 
because of the rapid rate of solution of the mineral. 

Corresponding to the relatively high solubility of the heavy metal salts 
of dimethyl dithiocarbamic acid, high concentrations of the ammonium 
salt were necessary to induce adsorption. A 1 g. per liter solution was used 
throughout. Even with this concentration and using 10 mg. per liter of 
the specified activating agent, the full angle of contact developed only 
slowly for pyrite, galena, and sphalerite, but some contact occurred within 
an hour. Chalcopyrite responded fully within an hour. Failure to obtain 
a satisfactory angle for bomite was due to the surface becoming fouled by a 
precipitate of the copper salt. 


TABLE 2 


Contact angles at mineral surfaces in the presence of dithiocarbamate 


MINERAL 


DITHIOCARBAMATE 


PIPERID- 

INIUM 

DIMRTHTL- 

DIPHENYL- 

THIURAM 

DI8ULHDB 

Dimethyl 

Diethyl 

Mono¬ 

phenyl 

Phenyl- 

methyl 

Phenyl- 

ethyl 

DI1HIO- 

FORMATE 

Galena 

Sphalerite 

Pyrite ... 
Chalcopyrite 

Bornite. 

50 (a) 

50 (b) 

50 

50 

Irregular 

(59 (h) 
\59 (b) 

58 

59 

62 

54 

55 (b) 
52 (b) 
54 (p) 

54 

50 

50 (b) 

50 

49 (p) 

50 (p) 

61 

61 (b) 

60 (a) 

61 

62 

62 

70(a) 

67 

70 

67 

67 

50 

50 (b) 

50 

50 

50 

Average 

50 

60 

54 

50 

61 

68 

50 


A higher concentration (a 1 g. per liter solution was used throughout) 
was also necessary with the methylphenyl compound, but the reaction was 
more rapid than with the dimethyl compound, 30 minutes usually sufficing 
for the maximum angle to be reached. Sphalerite, activated by 10 
mg. per liter of silver sulfate, gave the customary methyl angle of 50°, but 
sphalerite, activated by 10 mg. per liter of cupric sulfate hydrate, and 
also the copper minerals gave a higher contact angle, 65°. This was 
attributed to the formation of a compound analogous to dixanthogen. 
Wark and Cox (1) have shown that dixanthogen, when present in the form 
of an emulsion which “oiled” the surface, gives a higher angle than xan- 
thate. Dixanthogen tends to form spontaneously in xanthate solutions 
of this strength and it is probable that its analogue forms in dithiocar¬ 
bamate solutions. 

In further tests on the copper minerals, oxidation was prevented by the 
addition of pyrogallol (5 g. per liter). The normal angle was then obtained. 
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Twenty-five hundredths of a gram per liter of sodium sulfite was equally 
effective. Independent tests demonstrated that pyrogallol and sodium 
sulfite were without influence on the contact angle in normal cases and 
that they prevented the formation of dixanthogen under conditions 
where it would normally be slowly formed. 

The corresponding dithiocarbamate oxidation product, namely, di- 
methyldiphenylthiuram disulfide was prepared. The response to this 
compound is rapid and a concentration as low as 15 mg. per liter is effective. 
Being a solid, it cannot oil the surface. It is not surprising, therefore, that 
it led to the same angle as the simple dithiocarbamate, but this leaves us at 
a loss to account for the high angle shown by the copper minerals in the 
absence of reducing agents. 

Piperidinium piperidyl dithioformate, 

N C 6 II 10 


s—c 


S—MIj'CiH 10 

is a member of the dithiocarbamate series. It has a closed ring in place 
of two alkyl groups 

R, 


\ 

R2 

The piperidinium salt is obtained more easily than the ammonium, but 
both would ionize and their absorption reactions would be identical. It 
is surprising that the angle corresponding to this compound, 67 to 70°, 
is not closer to that for cyclohexanyl xanthate, 75°, but this indicates that 
the whole of the outermost group must be considered in predicting the 
contact angle. As the surfaces of the minerals were fouled very rapidly 
by precipitation of the heavy metal dithioformate, the maximum angle of 
contact was obtained only after wiping them free from precipitate with a 
small pad of linen. 2 

No abnormalities were observed with the phenylethyl compound except 
a tendency for bomite to give an angle slightly above normal, viz. 66°. 
This was not apparent in the presence of pyrogallol. 

The results for the phenylethyl and diethyl compounds are identical. 
This may mean that in the former only ethyl groups are in the surface. 
Likewise the methylphenyl and dimethyl compounds yield identical angles. 

s Angles are checked in this manner as a matter of routine; usually the wiping 
leaves the angle unaffected, but occasionally, as in this case, it is essential. Wiping 
in this manner corresponds to the agitation of the pulp m a flotation machine. 
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Though the angle for the phenyl group is 70°, monophenyl dithiocar- 
bamate gives only 54°. It must be concluded therefore that both the 
hydrogen atom and the phenyl group influence the contact angle. 3 

Unsubstituted dithiocarbamate .—Ammonium dithoicarbamate, tried in 
various concentrations and with various activators, gives no reaction with 
pyrite or chalcopyrite. The concentrations employed were sufficient to 
give precipitates of iron and copper dithiocarbamate and if, as seems 
reasonable, it be concluded that the compound was absorbed, the unsub¬ 
stituted amino group must give a zero angle of contact, i.e., it must be too 
polar for air attachment. 


TABLE 3 

Contact angles at mineral surfaces in the presence of mercaptans 



ETHYL 

MERCAP- 

n-BUTYL 

BENZYL 

THIO- 

THIO- 

[ 

THIO-/S- 

MINERAL 

TAN 

MERCAP- 

MERCAP- 

PHENOL 

CREBOL 

NAPHTHOL 


500 mg 
per liter 

TAN 

TAN 




Galena 

0 

73 

71 

68 

(7! 

1.68 (p) 

70 

Sphalerite 

62 (b) 

74 

f70 (b) 
\72 

71 (b) 

70(b) 

70 

Pyrrhotite 

— 

— 

— 

71 

— 


Pyrite 

57 

74 (p) 

69 (p) 

71 

72 

68 

Chalcopyrite . 

62 

74 (p) 

72 (p) 

71 

70 

70 

Bornite 


— 

72 (p) 

— 

71 (p) 

— 

Chalcocite 

— 

— 

— 

— 

f71 

\71 (p) 

— 

Covellite. 

— 

— 

— 

— 

72 

— 

Average. 

60 

74 

71 

70 

71 

69 


B . Adsorption of mercaptans 

The compounds used were the purest available commmercially. It is 
known, however, that the mercaptans tend to oxidize spontaneously, the 
corresponding disulfides being formed. Oxidation would be helped by 
the presence of cupric and/or ferric ions. Consequently it was anticipated 
that, in testing the mercaptans, trouble would be experienced of a kind 
similar to that previously encountered with some xanthates. Such was 
indeed the case, abnormally high angles having been obtained in the fol¬ 
lowing cases: thiocresol with bomite, benzyl mercaptan with all the copper 
and iron minerals, butyl mercaptan with pyrite and chalcopyrite (see 


* This same angle has been obtained at the surface of certain copper minerals in 

/ Ph 

the presence of thiocarbanilide. Both compounds contain the —group. 
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table 3). The addition of pyrogallol (in these cases 5 g. per liter was used) 
was again effective in overcoming this difficulty. 

Ethyl mercaptan and its heavy metal salts are relatively soluble in water. 
The customary 25 mg. per liter solution is not effective, but a 500 mg. per 
liter solution proved satisfactory for chalcopyrite, pyrite, and for sphalerite 
activated by 10 mg. per liter of silver sulfate. No contact was obtained 
with galena using 500 mg. per liter of the reagent, even in the presence 
of 25 mg. per liter of lead acetate. Activators of type (b) would probably 
have been effective. Higher concentrations than 25 mg. per liter of 
n-butyl mercaptan were also necessary; 500 mg. per liter sufficed for chal¬ 
copyrite and pyrite and 1 g. per liter for galena and sphalerite. A satu¬ 
rated solution of cetyl mercaptan failed to cause contact between the min¬ 
eral surfaces and air. This may have been due to the very low solubility 
of the compound. Saturated solutions of thiocresol and thio-j3-naphthol 

TABLE 4 


Contact anglt* at mincial surfaces in the presence of xanthates 


MINERAL 

71-OCTYL XANTHATf 

SECONDARY OCTYL 

(capryl) 

XANTHATE 

Galena 

85 

90 

Sphalerite 

87 (b) 

90 (b) 

Pyrrhotite 

85 

90 

Pyrite 

86 

90 

Bornite 

85 

92 

Average 

86° 

90° 


were used; these contain less than 25 mg. per liter. With benzyl mercaptan 
and thiophenol 25 mg. per liter solutions were employed. 

C. Achorption of xanthates 

The adsorption of a number of xanthates was described by Wark and Cox 
(1). Only two additional xanthates have been prepared and tested, viz., 
n-octyl and secondary octyl. The results for these two compounds are 
in table 4. Sphalerite responds without activation but tht full angle of 
contact is attained very slowly. 

D. Adsorption of diethyl dithiophosphoric acid 

Table 5 shows the results for the sodium diethyl dithiophosphate, which 
was obtained by courtesy of the American Cyanamid Company, which 
markets it under the trade name “Sodium Aerofloat.” 

Sodium diethyl dithiophosphate is more soluble than the corresponding 
xanthate; activation is therefore necessary for a greater number of the 
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minerals. An angle of 80° sometimes develops; this is probably due to 
an oxidation product. 

E. Adsorption of trithiocarbonates 

The potassium salts of the trithiocarbonates crystallize from ice-cooled 
mixtures of potassium hydroxide, carbon bisulfide, and the corresponding 
mercaptans. They were recrystallized from a mixture of ether and ben¬ 
zene. Table 6 gives the results for the compounds of this type. Twenty- 
five milligrams per liter of trithiocarbonate was used throughout. 

TABLE 5 


Contact angles at mineral surfaces m the presence of sodium diethi/l dithiophosphate 


MINERAL 

SODIUM DIETHYI 
DII HIOPHOSPHATE 

Galena 

58 (h) 

Sphalerite 

59 (b) 

Pyrrhotite 

59 (b) 

Pyrite 

59 (b) 

Chalcopyrite 

60 

Chalcocite 

60 

Average 

59 


TABLE 6 

Contact angles at mineral surfaces in the presence of trithiocarbonates 


MINF HAL 

TRITHIOf AKUONATE 

Ethyl 

Butyl 

Galena 

61 

73 

Sphalerite 

60 (p) (b) 

73 . 

Bornite 

60 (p) 

74 (p) 

Chalcopyrite 

61 (p) 

74 (p) 

Pyrite 

61 (p) 

74 (p) 

Average 

61 

74 


F. Adsorption of monothiocarbonates 

The potassium monothiocarbonates were prepared by passing carbonyl 
sulfide, generated from sodium thiocyanate and a 50 per cent aqueous 
solution of sulfuric acid, into a solution of potassium hydroxide in the 
corresponding alcohol. They were recrystallized from alcohol and washed 
with ether. Table 7 gives the results for these compounds. 

The heavy metal salts of ethyl monothiocarbonic acid are relatively 
soluble. Chalcopyrite gives the full angle at a concentration of 25 mg. per 
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liter, but with activated sphalerite 300 mg. per liter was necessary. 
Galena and pyrite gave no reaction with either 25 mg. per liter or 500 mg. 
per liter, but would no doubt respond to activators of type (b). The butyl 
monothiocarbonates are also too soluble for immediate or complete 
response to 25 mg. per liter of the potassium salt except in the case of 

TABLE 7 


Contact angles at mineral surfaces in the presence of monothiocarbonates 


MINERAL 

MONOTHIOCARBONATE 

Ethyl 

Butyl 

Galena 

0 

(69) 

Pyrite 

0 

72 

Chalcopyrite 

61 

74 

Sphalerite 

61 (b) 

72(b) 

Bornite 

— 

74 

Average. 

61 

73 


TABLE 8 


Angle of contact at metal surfaces in the presence of ethyl xanthate 


Ml-TAL 

ANGLF OF 
CONTAC1 

NOll-B 

Gold 

61 


Silver . 

60 (p) 


Platinum 

58 


Copper 

60 (p) 


Tin . .. 

61 

Polished on lead 

Bismuth 

61 


Antimony 

58 


Arsenic 

60 


Selenium 

60 


Cadmium 

60 

Polished on lead 

Zinc 

Nil 

Does not respond to activation by copper 
or silver salts 

Iron 

Nil 

The surface fouls with extreme rapidity 

Lead. 

Irregular 

Surface produced by cutting; the surface 
became fouled too rapidly for satisfac¬ 
tory measurement 

Average 

60° 



bomite. The full angle, however, develops slowly without activators for 
all the minerals except sphalerite, and more rapidly with higher concen¬ 
trations of the collector or with activators present. Galena evidently 
requires an activator to give the equilibrium value as the angle was some¬ 
what low after five hours. 
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The solubility of the heavy metal salts of the thiosubstituted carbonates 
is, in order of decreasing solubility:—monothiocarbonates, dithiocarbon- 
ates, trithiocarbonates. The readiness with which they are adsorbed 
by minerals increases in this order. 

G. Adsorption of ethyl xanthate at metal surfaces 

The metal surfaces were prepared and tested in the same manner as 
the sulfide minerals. A 52 mg. per liter solution of potassium xanthate 
was used. Table 8 gives the results for the metals tested. The failure of 
zinc and iron to respond may be due to too great reactivity of the surface 
with water. 


SUMMARY 

The angles of contact due to several different types of flotation “col¬ 
lectors” have been investigated. The types investigated were xanthate, 
mercaptan, dithiocarbamate, dithiophosphate, trithiocarbonate, and mono- 
thiocarbonate. 

It has been demonstrated that, when contact occurs, the angle at the 
line of triple contact air-solid-solution is dependent only upon the non¬ 
polar group of the adsorbed “collector.” It is independent of the nature 
of the solid, of the polar or anchoring group of the collector, and of the 
concentration of the collector. 

Whether adsorption of the collector occurs at a mineral or metal surface 
is related to the solubility of the corresponding metal salt of the collector. 

We wish to record our thanks to Professor E. J. Hartung for having made 
available a laboratory for carrying out our research, and to Messrs. H. 
Hey and A. B. Cox for their help and criticism. 
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Wo. Ostwald (1) has advanced a theory of the action of soluble collectors, 
an essential part of which is that only a ring of the collector is necessary for 
flotation, the location of the ring being the air-water-mineral line of 
contact. The process by which this ring is assumed to be held is styled by 
him “adlineation.” This theory is in opposition to that adopted by us 
(2), namely, that for soluble collectors a substantially complete unimolec- 
ular film is adsorbed by the surface of the mineral, and that for oleaginous 
collectors a continuous thin film spreads over the surface. The only 
evidence advanced by Ostwald in direct opposition to this view is a state¬ 
ment based on an observation of Kellermann (3) that the amount of added 
reagents is insufficient to form such a unimolecular film. This evidence 
has been questioned by Siedler, Moeller, and Reddehase (4), who cite work 
by Gaudin, Glover, Hansen, and Orr (5) which demonstrates that the 
amount of collectors used in practice is of the order required to form a 
unimolecular film over the surface of the mineral floated. Ostwald, in 
reply, questions the assumptions upon which Gaudin’s and Siedler's cal¬ 
culations are based, but does not offer any further substantiation for 
Kellermann’s views, and, in fact, admits the impossibility of determining 
accurately the number of molecules adsorbed per unit area of the mineral 
surface, except by a complete adsorption analysis. 

In our opinion, it has not been proved that in any single case the number 
of effective collector molecules (certain frothers are also collectors) is 
insufficient to form a unimolecular film, but, apart from this, there is so 
much evidence against Ostwald's “adlineation” theory that even if, as 
seems unlikely, it were proved that Kellermann’s view is correct, some 
explanation other than Ostwald’s must be sought. Though finality has 
not been reached in deciding between the views of Kellermann and Gaudin, 
it is certain that in practice quantities of reagents must be added enor¬ 
mously in excess of those required to give an “adlineation” ring, and as it is 
impossible with the available technique to determine what fraction of these 
reagents is consumed by the minerals floated, any direct proof or disproof 
along these lines is impossible. 
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Indirect methods must therefore be adopted in determining whether the 
theory possesses the essential desiderata of a useful working theory. A 
theory need not be true to be useful, but to be useful a new theory should 
be simpler and more comprehensive than previous theories, and it should 
be in accord with known facts. Being an extreme development of the 
unimolccular film theory, Ostwald's theory cannot claim greater simplicity 
than it, and, not being applicable for insoluble collectors, it is not as com¬ 
prehensive as the theory of complete filming. More important, the 
“adlineation” theory is not in accord with several experimental facts and 
accredited principles of surface physics. 

Considering the turbulent conditions of the flotation pulp it is doubtful 
whether a ring of collector of the type suggested by Ostwald could lead to a 
sufficiently stable contact between air and mineral. Only if the ring acted 
as a perfectly mobile barrier could the air-mineral aggregates withstand 
the sudden stresses imposed upon them. Ostwald, in his second paper, 
attempts to show how the “adlineation” ring possesses this necessary 
mobility. Great mobility, however, could arise only from one of two 
causes. Firstly, the line of collector might be so loosely bound to the sur¬ 
face that free motion could occur. Actually xanthate films, far from being 
loosely held, are held by the surface with great tenacity. For example, 
chalcopyrite retains a xanthate coating after being washed for several 
minutes in running water, as is shown by the contact angle remaining the 
same as in a xanthate solution. Such tenacious adsorption is of con¬ 
siderable importance, since the xanthate film is the link which holds the 
mineral to the bubble. Secondly, great mobility might be due to the ring 
of the collector being securely bound to certain atoms of the crystal lattice 
which themselves possessed great mobility in the surface. Though this 
type of mobility is assumed for liquid films, we know of no evidence suggest¬ 
ing sufficient mobility of the atoms of a solid. Indeed Adam (6) States: 
“As a general rule, spreading on solids only occurs through the vapour 
. . . .; if the liquid is non-volatile, no spreading occurs, at least in any 
reasonable time.” Adam's reference was to solids in contact with the 
atmosphere, but the generalization may apparently be extended to include 
contact with a liquid phase, in which case spreading only occurs through 
solution. Our experience would support such an extension, for the methods 
of experiment adopted in this laboratory would not have been possible had 
adsorbed films possessed appreciable mobility. Only one side of our test 
specimens of mineral is protected from contamination, and it is known that 
at least portions of the other sides are contaminated by grease and/or air, 
but experiment has shown that the area of contamination does not spread 
to the test face. 

Perhaps the most convincing argument against great mobility is the 
phenomenon known as hysteresis. Several observers (7) have noticed 
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that the air-mineral-water boundary is not perfectly mobile. The im¬ 
perfect mobility is responsible for a difference between the angles of contact 
when water is replacing air and when air is replacing water at the mineral 
surface. The difference between these two angles has been called the 
hysteresis; it is due to friction. 

The existence of a definite contact angle at the line of triple contact 
between air, water, and mineral has been accepted by Ostwald. It is 
universally accepted that if T &s , jf wa , and T BW signify the surface energies 
at the air-solid, water-air, and solid-water interfaces, respectively, the 
magnitude of the angle of contact 0 is determined by the relationship, 



DeWitt, Roper, and Makens (8) have shown that the magnitude of T wa 
is practically unaltered by common collectors and frothers at the con¬ 
centrations customarily employed. If, as Ostwald suggests, there is but a 
ring of collector at the line of triple contact, the air-solid and solid-water 
interfaces on either side of this line cannot be influenced by the collector, 
and the magnitudes of their interfacial energies would be identical with the 
corresponding values in pure water. Thus, if the “adlincation” theory 
were correct, the angle of contact would be independent both of the 
addition of a collector and of its nature. This is contrary to experience. 
At clean surfaces of many of the common minerals the angle of contact 
in pure water is zero, and if a collector be added the resultant finite angle 
varies with the nature of the essential non-polar radical of the collector (2). 

Ostwald repeatedly stresses a generalization of Mayer that only unwet- 
table particles float. We will return to a more exact statement of this 
principle later, but far from agreeing better, as Ostwald suggests, with his 
own theory than with other theories, Mayer’s generalization is quite 
incompatible with Ostwald’s theory, for it is only after the surfaces of the 
sulfide minerals have been changed by the collector that they become 
“unwettable.” Furthermore, experiment shows that the whole of a 
collector-conditioned mineral surface is actually different from a surface 
which has had no contact with collector; the change is not confined to a 
single line on the surface or to any small fraction of the surface. For if 
the specimen be washed and placed in distilled water a bubble of air will 
effect contact with any part of the surface even though the surface be 
“swept” several times by air bubbles. 

It is well to consider what is meant by the term “unwettable.” Ostwald 
cites Edser (7) as stating that in no known case does the angle of contact 
at the air-water-solid boundary reach 180°. This implies that when 
contact with air is possible, equilibrium can be established with a portion 
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of the solid surface in contact with air and a portion with water, the air- 
water interface being inclined at an angle to the solid suface. The extent 
of the displacement of the water from the surface depends upon the volume 
of the air, the angle of contact, and the size and shape of the surface of the 
particle. The term “unwettable” is, therefore, misleading, and we suggest 
in place of Mayer’s generalization the statement, “No particle will float at 
an air-water interface unless both air and water are in contact with its 
surface, that is, unless there is a finite contact angle at a line of triple 
contact between air, solid, and water.” 

At surfaces of substances such as diphenyl and paraffin wax, water is 
readily displaced by air, the equilibrium contact angles being approxi¬ 
mately 84° and 105°, respectively, for the above two substances. Bubbles 
of air will readily attach themselves to such solids, and particles of diphenyl 
(sp. gr. = 1.16) may be floated readily to the surface of water. There is, 
moreover, no visible difference between the type of contact of an air bubble 
with diphenyl and with a mineral surface which has been in contact with a 
soluble collector, nor in the type of flotation. Since the surface of diphenyl 
must consist exclusively of hydrocarbon groups, there is no possibility of 
the presence of a mobile triphilic 1 ring at the line of triple contact. Ost- 
wald’s theory, therefore, cannot have universal application in accounting 
for the mechanism of flotation. 

Indeed, Ostwald does not use the “adlineation” theory for oleaginous 
collectors. For these he makes use of a theory of “laminar” flotation. 
This theory was propounded in very similar terms by Christmann (9). 
The essential feature of the theory is that superimposed on the collector 
film at the mineral surface there is a second film composed of frother mole¬ 
cules and that the dual film is air-avid and induces flotation. Ostwald 
states that there must be an adherence between the collector and frother 
films, and Christmann that an orientated hydrocarbon film of collector is 
soluble in the hydrocarbon film of the frother. The orientation of the 
frother molecules necessary for these conditions to be fulfilled, however, 
would be such that the assumed dual film could not be air-avid. The 
collector is bound to the mineral surface by its active group, the non-polar 
group being orientated away from the mineral. The frother molecule, 
if it be soluble in this film as Christmann suggests, or if it adhere as Ostwald 

1 Ostwald considers that soluble collectors must be of a triphilic nature, i.e., 
contain three groups of essentially different type, whose function is to stabilize the 
air-water-mineral contact, each group of the collector making contact with only one 
phase. Since the hydrocarbon groups in the surface of diphenyl can make contact 
with both air and water such an hypothesis is not essential to account for flotation. 
Moreover, it would require abandonment of the usual conceptions of atomic attrac¬ 
tions to ascribe a triphilic nature to such soluble collectors as the quaternary ammo¬ 
nium salts and mercaptides. ' 
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suggests, must therefore be orientated with its non-polar group towards, 
and its polar or water-avid group away from the mineral. Therefore, the 
dually filmed particle could not float. Actually the orientation of the 
frother molecule at the air-water interface is such that its non-polar group 
is directed towards the air phase and the polar group towards the water 
phase; such orientation would oppose any adherence or mutual solubility 
of the collector and frother films. 

It is our view that the essential function of the frother is to stabilize the 
large air-water interface necessary for froth flotation, which stabilization 
is undoubtedly achieved because of adsorption (either positive or negative) 
at this interface. During the process of formation of the air-mineral 
aggregate the frother is squeezed from the surface of the bubble, and air 
then makes direct contact with the air-avid collector film. This collector 
film on the mineral surface may be an orientated adsorbed unimolecular 
layer, as in the case of soluble collectors, or a more discrete film of an 
insoluble collector as in the case of oils. The difference between soluble 
and insoluble collectors does not therefore lead to a difference in the 
mechanism of formation and stabilization of air-mineral aggregates, but 
to a difference in the means by which they render a mineral surface air- 
avid. It is thus unnecessary to postulate a number of complex theories of 
flotation to cover the use of different types of collectors. 
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THE THEORY OP THE STICK ANTIMONY ELECTRODE 

The stick antimony electrode is a type of the metal-metal oxide elec¬ 
trode, the antimony oxide being present as an adsorbed film on the sur¬ 
face of the metal. This oxide is formed by air oxidation on the metal 
surface after polishing. The reaction of this adsorbed film with the hy¬ 
drogen-ions in the solution sets up a potential, according to the reaction 
(Roberts and Fenwick: J. Am. Chem. Soc. 60, 2125 (1928)): 


Sb,0 3 + 6H" + 6(-) = 2Sb° + 3H*0 
The potential is found by the Nernst equation: 


E — Ec 


RT (Sb,0 3 )(H+)» 
6F ln (Sb°) 2 (H,0) 3 


Developing the equation: 


RT RT 

E = Ec - — In (H+)« = E c - — ln (H+) = E. + 0.05915 pH 

or r 


This potential is identical with that de\eloped from the solution of the 
metal forming its ions in a solution saturated with the metallic oxide. 

However, it is not necessary for the solution being measured to be 
saturated with the insoluble oxide for the metal-metal oxide electrode to 
function correctly. Tartar and McClain (J. Am. Chem. Soc. 63, 3201 
(1931)) have stated that the potential of a metal electrode is due “to an 
adsorbed ionic film extending from the electrode a measurable distance out 
into the solution.” Since this is so, an adsorbed oxide film on a metal 
electrode will furnish saturation of that portion of the solution from which 
the potential is derived. From this it would seem that the electrode re¬ 
action takes place at the interface of the metal with its oxide. 

In preliminary work with several stick metal electrodes, as antimony, 
bismuth, tungsten and tantalum, the potential obtained seer/ted to be de¬ 
pendent on the nature, thickness and stability of the oxide film on the metal. 
The oxide should be a definite compound, not a mixture of oxides, and of 
specific crystalline form (Roberts and Fenwick: J. Am. Chem. Soc. 60 , 
2125 (1928)). The thickness of the film should be such that if will allow 
penetration of the solution to the metal. A thick film of the oxide on a 
metallic stick tends to slip off, as a glove from the finger. This supports 
the contention that the electrode reaction takes place at the interface of a 
metal with its oxide. If the oxide film dissolves, ions will be formed in the 
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solution which will affect the potential being measured. It would seem 
that any stable metal which could have an adsorbed film of its compound 
insoluble in the solution might function as a measure of the hydrogen-ion 
concentration of that solution. 

L. R. Parks. 

H. C. Beard. 

Pond Chemical Laboratory, 

The Pennsylvania State College, 

State College, Pennsylvania. 


THE THEORETICAL LIMITATIONS OF THE STICK ANTIMONY 

ELECTRODE 

In a recent paper (Parks and Beard: J. Am. Chem. Soc. 54 , 856 (1932)) 
the authors have shown that stick antimony electrodes in unstirred buffer 
solutions in contact with air may be calibrated to give a curve which agrees 
with that of the hydrogen electrode as to slope, thus satisfying the Nemst 
equation from the pH value of 1.60 to that of 7.87. 

In a highly acid solution, pH lower than 1.60, the potentials obtained 
with the stick antimony electrode are not a true measure of the pH of the 
solution, because the adsorbed film of Sb 2 0 3 on the metal electrode has 
dissolved and antimonyl ions have been formed according to the reaction 

Sb 2 0 3 + 2H + - 2SbO+ + H 2 0 


Antimonyl ions with hydrogen-ions in equilibrium with the antimony 
metal and water develop a potential (Schuhmann: j. Am. Chem. Soc. 46 , 
52 (1924)) which may be found by the Nemst equation: 


RT (SbO+)(H*)» ^ 

E = E 0 — — In (sb0)(HjO) - - - — In (SbO )(H )• 


Thus the concentration of the antimonyl ion is a factor in the potential 
developed and the electrode does not correctly measure the hydrogen-ion 
concentration of highly acid solutions. 

In alkaline solutions, above pH 10.53, there is also a deviation of the 
values obtained by the stick antimony electrode away from the theoretical 
values. The deviation in this range is due to the antimonite ions (Sb0 2 “) 
in the solution formed by the dissolving of the adsorbed film of antimony 
oxide on the metal stick by hydroxyl ions according to the reaction 

Sb 2 0 3 + 20H" « 2SbOr + H,0 


These antimonite ions with water in equilibrium with the metal and hy¬ 
droxyl ions give a potential (Grube and Schweigardt: Z. Elektrochem. 
29 , 257 (1923)) which may be found by the Nemst equation: 


E 


RT, <SbOr)(H 2 0)» 
* Eo 3 F lU (Sb°)(OH-)< : 


RT 

Eo ~3F lD (Sb0l_) ( H+)4 
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Thus in extreme alkaline solutions the potential will be that denoted by the 
Nemst equation involving the Sb0 2 ion, and does not give a value that is 
a measure of the hydrogen-ion concentration of the solution. 

The deviation of the stick antimony electrode values between pH 7.87 
and 10.53 away from the theoretical values is due to a differential effect 
of the Sb 2 0 8 and the Sb0 2 “ ions. If the St^Oa alone were present with in¬ 
creasing pH (from 7.87) the curve would continue in a straight line from 
its lower values and give higher potentials. If, on the other hand, the 
Sb0 2 “ ion were the only antimony ion present with decreasing pH (from 
10.53) lower potentials would be obtained according to the Nemst equa¬ 
tion which has (Sb0 2 “) as a factor. Grube and Schweigardt (Z. Elektro- 
chem. 29, 257 (1923)) state that the SbO~ 2 ion readily absorbs oxygen from 
the air. This excess oxygen in the solution in contact with the metal 
would aid in the formation of Sb 2 0 3 and so retard the deviation of the 
values in this range. 

Thus in extreme acid and alkaline solutions where there is a limited 
amount of antimony oxide, as in the case of an adsorbed film on a metallic 
stick, the potential obtained by the stick antimony electrode is not a true 
measure of the hydrogen-ion concentration of the solution due to the forma¬ 
tion of oxy-antimony ions in the solution. Although the stick antimony 
electrode is very convenient as a means of measuring the hydrogen-ion 
concentration of a solution, it is theoretically correct only in the pH range 
from 1.60 to 7.87. In alkaline and highly acid solutions the electrode can 
be used only if it has been previously calibrated. 

L. R. Parks. 

H. C. Beard. 

Pond Chemical Laboratory, 

The Pennsylvania State College, 

State College, Pennsylvania. 

THE ROLE OF SURFACE ELECTRONS IN ADSORPTION AND 

CATALYSIS 

A theory that the adsorption of gases by metals and the catalysis of 
reactions following this adsorption is due to some electrical or mechanical 
effect of the surface electrons of the metal was advanced by Pisarzhevskii 
(Ukrain. Khem. Zhur. 1, 1-18 (1925)) in 1925. More recently this idea 
has been taken up again by Nyrop (Chemistry & Industry 50 , 752-5 (1931) 
and Phys. Rev. 39, 967-76 (1932)), who gives it a more theoretical and 
mathematical treatment. A quotation from the abstract (C. A. 22, 2512 
(1928)) of the Pisarzhevskii paper will serve to give the nature of his 
theory: “Catalytic activity of metals is due to freely moving electrons. 
Adsorption of gases by metals is the result of electrostatic forces between 
gaseous mols. and a film of free electrons on the surface of metals. Im- 
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pacts of these electrons on the adsorbed mols. produce their dissociation 
and ionization and cause thereby chem. reactions.” 

According to Nyrop, ionization of the gas molecules precedes adsorption 
and will occur in cases where the metal has free electrons of sufficient kine¬ 
tic energy. Once adsorption has occurred, the possibility of reaction and 
the course of the reaction with some other gas that may be adsorbed de¬ 
pends on the energy required for ionization of the resulting substance and 
its rate of diffusion away from the metallic surface. 

In connection with a general study of the mechanism of heterogeneous 
catalysis started some time ago in this laboratory, experiments to test this 
theory were performed. A nickel strip catalyst was used in the reaction 
of hydrogen and oxygen. Numerous runs were made with this catalyst 
supposedly activated by the impression on it of a high frequency electrical 
current. The following may be given as argument that during such a 
treatment the activity of the catalyst should be increased if the Pisarz- 
hevskii-Nyrop theory is valid. 

Increase in catalytic activity should result from (1) an increase in kinetic 
energy of the free surface electrons, and/or from (2) an increase in their 
concentration. With alternating currents of 5000 cycles, a “skin effect” 
is generally quite appreciable (Kennelly, Laws, and Pierce: J. Am. Inst. 
Elect. Engrs. 34 , 1953 (1915)) and with greater rapidity of alternation this 
effect becomes more pronounced. With the current and its attendant 
heat generation concentrated on the surface of the conductor, the kinetic 
energy of the electrons there becomes greater than is normal for the tem¬ 
perature of the metallic mass as a whole. 

As to concentration of the free electrons (i.e., those electrons in a metal¬ 
lic conductor to which classical theory ascribes conductance) on the sur¬ 
face, it is only necessary to consider the probable change as the frequency 
of an alternating current of any given strength is made greater. As the 
current becomes more and more a phenomenon of the surface only, either 
the number of free electrons on the surface must increase or their mean 
free path must change in order to accommodate the higher current den¬ 
sity. Either or both of the changes should make for more collisions with 
gas molecules and hence greater catalytic power. 

Frequencies of about 50 kilocycles with currents up to 50 milliamperes 
were used in the experiments. In no case was there any evidence of in¬ 
creased catalytic activity. 

H. P. Cady. 

Wayne E. White. 

University of Kansas, 

Lawrence, Kansas. 
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Thermochemie. By Dr. W. A. Roth. 102 pp.; 15 figs. Sammlung Goschen. Berlin: 
Walter de Gruyter and Co., 1932. Price: RM. 1.62. 

This small volume by a skilled experimenter in the field contains an excellent, 
condensed treatment of thermochemical practice. Students who desire to become 
acquainted with the best methods of attacking thermochemical problems will find 
this book of considerable value Even the experienced thermochemist will find many 
useful hints scattered through this volume. The author has included a short treat¬ 
ment of thermodynamics. Thermochemical data appear only as illustrative material. 

F H. MacDougall. 

Diainario di Chimica Generale e Industriale. Volume I, A-E. By Prof. Michele 
Guia and Dr. Clara Gioa-Lollini 29 x 20 cm.; ii -f 1082 pp. Turin: Urime 
Tipografico-Editrice Torinese (Utet), 1933. Price: L. 165. 

This is a formidable first volume of a Dictionary of Chemistry, concerned not only 
with the theoretical aspects of the science, but also with its varied application to 
agriculture, biology, pharmacy, geology, and mineralogy. The whole, when com¬ 
pleted, will be no small achievement for only two authors. In view of the exis¬ 
tence of other seemingly similar compilations, e.g., Thorpe or Ullmann, each the 
combined work of many specialists, the question may be asked, what is there to 
justify this new work, apart from its being Italian and up to date? 

The answer is t^at it covers new ground. The information given under each head¬ 
ing is, in the main, comprehensive, without very great detail, and is in general stated 
so simply that anyone without special knowledge of chemistry can get valuable in¬ 
formation from it. At the same time useful references are appended for anyone who 
requires more. The inclusion of short biographies of past chemists, from the earliest 
times, and technologists of later date, and the large part of the work devoted to chem¬ 
ical theory and pure science, differentiate it from the dictionaries or encyclopedias 
dealing only with applied or technical chemistry. Indeed another Italian compila¬ 
tion is probably the only one on similar lines, i.e., Nuova Enciclopedia di Chimica , 
founded by Guareschi and continued by others in thirteen volumes. 

In the volume under review much is open to criticism, chiefly on the ground that 
subjects are inadequately dealt with. More modern work is often omitted, e.g., 
molecular association is chiefly devoted to the work of Ramsay and Shields, or 
under such headings as catalysis, etc. On the other hand, many good accounts are 
given, e.g., of the history of the atomic theory, crystal form, chemical affinity, etc. 

On the technical side the detail given is not always distributed proportionately to 
the importance of the subject considered, but, as is to be expected, m iterials impor¬ 
tant to, or products of, Italian industry are exceptionally well done, e.g , boric acid. 

This first volume contains twenty-eight tables and five hundred and sixty-five 
illustrations. Should the succeeding volumes maintain the high standard already 
achieved, the whole should prove a useful and necessary work of reference. 

W. H. Patterson. 

UAziotropisme. La tension de vapeur des melanges de liquides Bibliographie. By 
Maurice Lecat. 24.5 x 16 cm ; viii -f 264 pp. (Printed on one side of the paper 
only). Brussels: Lamertin, 1932. Price: 15 belgas. 

Azeotropy is a subject of increasing importance both in the research laboratory 
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and in industry, and the determinations of the \apoi pn-ssuies of mixed liquids have 

important theoretical implications at the moment Profcv.ni hec.it tus made an 
exhaustive study of the literature of azeotropism, and has himself examined over two 
thousand mixtures and discovered a great many azeotropic mixtures. Before the 
appearance of this volume the literature and details regarding the phenomena were 
collected by him in a volume published in 1918 having almost the same title as the 
book under review. The data in Professor Sidney Young's well-known book Distil¬ 
lation Principles and Processes (1922) and also in the International Critical Tables , 
Vol. Ill, p. 318 (1928), were based largely on this former volume, and we are referred 
to it in the Tables for further details and literature regarding the azeotropic systems 
there cited, each system being given a number termed Lecat's number. 

The volume under review contains a list, in alphabetical order, of the authors of 
papers and other publications on azeotropism and the vapor pressures of liquid mix¬ 
tures. The complete reference with the full title of the paper or book is given. A 
second more concise list arranges the works chronologically, and gives an abbreviated 
reference. A third list gives the journals and books, already quoted in the previous 
lists, in alphabetical order. Cross references are given in both of these to the first 
list. All the lists are printed on one side of the paper only. As is only to be expected 
in a work of this kind, there are a few omissions in the later years. 

In the preface we are promised shortly another book entitled Tables d'az6otropis 
btnaires , and it is probable that these tables will contain the azeotropic mixtures 
arranged by subject, and will therefore be a necessary companion volume to this one. 
Professor Lccat should have our thanks for having carried through an enormous task 
most successfully. It will be a welcome addition to the shelves of all chemical li¬ 
braries. 

D. C. Jones. 

Third and Final Report of the Adhesives Research Committee. By the Adhesives Re¬ 
search Committee appointed by the Department of Scientific and Industrial Re¬ 
search. 24 x 15 cm.; v -f 109 pp. London: H.M. Stationery Office, 1932. Price: 2/6. 
The third and final report of the Adhesives Research Committee contains the report 
proper, together with three appendices. Appendix I describes the final stages of the 
work conducted by Mr. Douglas and Miss Pettifor at the Royal Aircraft Establish¬ 
ment on the mechanical testing of timber-glue joints. Appendix II reports further 
progress in the work conducted by the late Professor Schryver and his collabora¬ 
tors at the Imperial College of Science and Technology on the chemistry of gelatin. 
Appendix III describes further investigations into the nature of adhesion by Profes¬ 
sor McBain, with Dr. Lee, at Bristol University, and later at Stanford University. 

Most of the work described in the appendices has appeared already in various pub¬ 
lications. The later stages of the research dealt with in Appendix I are given more 
fully here, and the conclusions of the authors as to the best type of test-piece, the 
most suitable timber, and the procedure best adapted for reducing in number the many 
experiments necessary to arrive at a representative value for a certain glue, are given 
with complete tabulated experimental results, and numerous illustrations. 

Appendices II and III both contain discussions of work of great interest to chem¬ 
ists. Professor Schryver (with Dr H W. Buston) describes in a general way his work 
on the purification of gelatin, and gives a more detailed account, in chronological 
order, of the work done on the intramolecular changes that gelatin undergoes. A 
short section is devoted to the methods of protein analysis, but this part of the work 
remains incomplete Appendix III is divided into six parts, the heads to which give 
a rough idea of the comprehensiveness of the treatment by Professor McBain. Part 
I is a general survey of the new results; Part II contains the work on pure chemical 
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substances as adhesives; Part III deals with the adhesion of gums, resins, and 
waxes to metals; Part IV with the tensile strength of free films (thin strips) of ad¬ 
hesive; Part V with adhesion in glued wood joints; Part VI gives a very brief account 
of solvents and swelling agents for organophilic adhesives. 

The work contained in both these appendices is left unfinished, owing in one case 
to the death of Professor Schryver, and in the other to the transference of Professor 
McBain to Stanford University. It is sincerely to be hoped that the work will be 
continued in some way. The problems of Appendix III, especially, involve for 
their complete solution apparatus and technique which usually can be obtained 
only in such laboratories as the National Physical or the Bureau of Standards. For 
example, one of the most interesting tentative conclusions, both from a theoretical 
and practical standpoint, is that “the thinner the film the stronger the joint”; but 
the methods of measuring the thicknesses of these films, of preparing the plane 
surfaces of the testing pieces, and of ensuring a complete film of adhesive, present 
problems of great technical difficulty. 

This third report is an excellent testimonial to the value of the work sponsored by 
the Adhesives Research Committee. 

D. C. Jones. 

Periodisches System, Geachichte und Theorie. By E. Rabinowitscii and E. Thilo. 

302 pp ; 50 figs.; 49 tables Stuttgart: Vfilag von F. Enke, 1930. 

The theory of atomic structure has reached in the researches of Bohr, Heisenberg, 
Pauli, Russel, Saunders, and Hund a certain stage of development which makes it 
profitable to review the fundamental principles of chemistry and to discuss the most 
important aspect of chemistry,—the periodic system of the elements. This task 
the authors set themselves in this volume, and be it said at once they have been emi¬ 
nently successful. * Their discussions are very lucid and it is a pleasure to read their 
book. The reviewer enjoyed the examination of this treatise so much that he only 
regrets that the authors have been forced, probably on account of length of space 
available, to abbreviate the treatment of certain topics which it would have been a 
pleasure to see discussed in their vivid and logical style. However, the volume is 
intended to be a textbook rather than a complete treatise on the subject. Students 
who approach the topics discussed for the first time will find that every paragraph 
is of importance and in some instances they will have to supplement their reading by 
reference to other works or to the original literature. However no extensive literature 
references are given, although the names of investigators who have made important 
contributions to the modern study of atomic structure theory are mentioned through¬ 
out the text. The treatment is quite “non-mathematical” and for this reason some 
of the beauty of development and deduction is lost at times. The authors bravely 
attempt to discuss modern quantum theory on a minimum of mathematical treatment 
and they succeed remarkably well. However, it seems that a student desirous of a 
complete understanding of “wave mechanics” will be by necessity he forced to go 
into the mathematical treatment of the subject. 

The book is divided into five parts. Part I, “History of the natural system of the 
elements,” begins with a review of the philosophical ideas of the ancients and traces 
the development of the atomic theory and the progress made in the systematic study 
of the elements culminating in the periodic system as known today. Part II, “The 
building stones of the atoms,” contains a brief discussion of the electrons, the proton 
and the atomic nuclei and atomic numbers. Part III, “The model of the atom,” 
deals with the part spectroscopy has played in the development of modern notions 
of the atom. The treatment given modern spectroscopic theory is excellent The 
arrangement of the spectrum lines into series, the simplification produced by the 
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introduction of terms etc. are all dealt with in a satisfactory manner. The Bohr 
hydrogen atom model forms of course the background of the discussion. Its exten¬ 
sion to many electron atoms, the shell model of the atoms, x-ray spectra, the empirical 
arrangement of terms, selection principles, the need foi four quantum numbers for a 
complete description of the energy state of an election, tin* Pauli principle, the formal 
model of an atom with several valency elections and the wave mechanical model of 
the atom are developed in this section. Part III is the longest section (100 pages) of 
the book and contains material every chemist should be familiar with. The next 
portion of the book, (Part IV) “The development of the periodic system,” shows the 
construction of the various elements as far as the arrangement of the electrons into 
various shells or states is concerned and it also gives the normal state of the element in 
the modern notation. Part V, “The periodicity of chemical properties / 9 contains 
a discussion of chemical valency, ionic and atomic binding, the Haber-Born cycle, 
ionization potentials, electron-affinities, forces acting between ions, ionic radii, 
lattice energies, and Heitler-London theory of non-polar valency. 

It is seen that only the simpler structures are treated. The coordination com¬ 
pounds, which form a very large class of substances, are not dealt with. 

The systematic arrangement of the electron structures of the elements which is 
obtained from spectroscopic theory evidently appeals to the authors very much and 
the reviewer certainly shares their attitude. But in their enthusiasm they are willing 
to place helium in the periodic table (table 38) into the second group, because helium 
has the electron arrangement s 2 , which is also the arrangement for the valency 
shell of the alkaline earths! But the outer pair of electrons in the alkaline earths 
is held so much more loosely that these metals have nothing chemically in common 
with the rare gas-like helium! However, the reader of the book will certainly 
obtain a picture of the periodic table based on modern physical theory, and to 
chemists who wish to keep abreast of the modern development of the fundamentals 
of their science and to the younger generation who wishes to obtain this basic knowl¬ 
edge the book can be heartily recommended. 

George Glockler. 

Uatomistica moderna e la chimica . By M. Haissinsky, edited by U. Hoepli. 307 pp. 

Milan, 1930. Preface by N. Parravano, Director of the Chemical Institute of the 

University of Rome. 

The author covers the whole field of modern atomistics from the physical and 
chemical angles and necessarily he must be brief within the space of the book. The 
treatment is therefore most concise and whenever mathematical formulation is desir¬ 
able or necessary he contents himself to state relations in mathematical terms with¬ 
out showing their derivation from more fundamental principles. It is really as¬ 
tonishing that he succeeds in covering such a multitude of topics in such limited space. 
But he certainly does succeed, and the book gives the Italian chemist a complete view 
of modern knowledge and theory of atomic structure and the bearing these notions 
have upon chemical principles. 

The twelve chapters cover the following topics: I. Molecules, atoms, and elec¬ 
trons. II. Thermodynamics and quanta. III. The Atom of Bohr. IV. The elec¬ 
tronic theory of valency. V. Born’s theory of grating energy. VI. Applications 
of Born’s theory. VII. Electric charge, atomic radii, and electronic structure. VIII. 
Deformation of electronic orbits. IX. Photochemistry. X. Photochemical theory. 
XI. Catalysis and adsorption. XII. Wave mechanics and Fermi statistics. But 
this r6sum6 does not give even yet all of the material covered, for each chapter con¬ 
sists of many subdivisions,,and it appears that no topic has been left unmentioned 
that may have some connection with modern atomic and molecular theory. How¬ 
ever the Raman effect is not mentioned, although it was discovered in the year 1928. 
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Each chapter contains at the end a Ufcliography of the important articles, books, 
monographs, and treatises of the material covered in that chapter. An author index 
is appended but no subject index is included. However, the table of contents is very 
complete with many subdivisions and the reader should not have undue difficulty in 
locating a desired subject in the body of the book. While of course the same ma¬ 
terial is covered in many treatises, it will appeal to the American chemist of linguistic 
tendencies to study the topics involved in the Italian language. 

Georgs Glockleb. 

Atom and Cosmos. By Hans Reichenbach, translated by Edward S. Allen. New 

York: The MicMillan Company, 1933. Price: $2.00. 

In our present state of turmoil in science, and in physics in particular—where 
discoveries quickly follow discoveries, new theories supersede each other in rapid 
succession, and contradictions are the order of the day—it is refreshing to find a 
book in which the fundamental conceptions at issue are so clearly discussed. 

In as simple language as is consistent with such a difficult problem, Professor 
Reichenbach, who holds the chair of Natural Philosophy in the University of Berlin, 
gradually develops his subject, and shows, first, that it is not merely a ‘‘mania for 
speculation” nor a disagreement upon facts between different observers that has led 
to the present crisis. Its roots go far deeper, and what is at stake is no less than a 
revolution of our entire conception of the cosmos, involving a making over of philoso¬ 
phy, and a revolution as far reaching in its consequences as Copernicus' break from 
the Ptolemaic and Aristotelian doctrines 

First giving us an insight into the world ot the astronomer, the world of space and 
time, and of great dimensions, then, with the aid of a ray of light and its electrical 
interpretations, leading us into the realm of atomic physics with its minute dimen¬ 
sions but immense forces, Professor Reichenbach, in a final summing-up, discusses the 
bearing of all this upon our philosophy of science. It is shown that ours is a world of 
mediocrity; that our “laws” of nature are laws only insofar as they apply to a world 
of moderate dimensions; that these laws which give us a semblance of certainty are 
in reality neither immutable nor even “true,” but only practically so, by virtue of 
the fact that they represent statistical averages of a gigantic number of separate 
entities. In the microcosmos, the world of the atom, there are no such concepts as 
certainty or causality, while in the macrocosmos, in interstellar space, there is not 
that geometrical simplicity of Euclid which we formerly ascribed to it. 

Perhaps one of the best feature^ of the book is that the author develops his argu¬ 
ment by actually following the line of reasoning of the physicist and the mathemati¬ 
cian, and makes use only sparingly of that now so popular device of analogues, which, 
though unquestionably simpler and more gratifying to the uninitiated, is so often 
misleading as well. 

As a guide into contemporary scientific philosophy this volume of Professor Reich¬ 
enbach is one of the very best that has come to this reviewer's notice. The English 
translation by Professor Edward S. Allen of Iowa State College, maintains through¬ 
out a high degree of excellence. The only slip that I have been able to find is on 
p. 202, where reference is made to the American physicist, C. T. R. Wilson. 

As stated in the preface the book is an outgrowth of a series of lectures broadcast 
by the author in Berlin during 1929-30. One must admire equally the skill with 
which Professor Reichenbach has adapted his presentation to such needs, and the 
courage of the broadcasting station in unleashing such material on the public, and 
wish that we could do the same with our enlightened populace. 


W. J. Luyten. 
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Signals from the Stars. By George Eller* Hale New York: Charles S., - W, 
4c Sons. 

This little book, by Dr. Hale of the Mt Wilson Observatory, is the fou Hi m i 
series of recent aspects and achievements in astronomy. It deals particul 11 1 > with 
the possibilities of large telescopes and with the phenomena of the solar atmospheu 
Dr. Hale’s own contribution to the science and the large share he has had in the 
planning and organizing of astronomical research accord him an undisputed au- 
thority in these fields; from his previous books the lucidity of his style is too well- 
known to need further comment. ^ . 

An interesting dissertation on lenses precedes the discussion of giant modern 
telescopes; a chapter follows which deals especially with the observations of the sun’s 
atmosphere and the correlation between solar and terrestrial magnetic phenomena. 
The last part of the book is devoted to a description of how the proposed 200-inch 
telescope might be built, and what it is hoped might be accomplished with it. 

Not the least attractive part of the book is formed by the selection of photographs 
and illustrations. In particular this reviewer was struck by the remarkable photo¬ 
graph at the end which so clearly ^hows the distance effect in the recessional veloci¬ 
ties of spiral nebulae. 

W. J. Ltjytbn. 

Moderne Phy&ik. Sieben Vortrage uber Materie und Strahlung. By Max Born. 
24 x 16 cm.; vii + 272 pp. Berlin: Julius Springer, 1933. Price: unbound, 18 
RM.; bound, 19.60 RM. 

In 1932 the Technische Hochschule of Ik 1 1 m md the Elektrotechmsche Verein, 
considering that the remarkable i» < ( nt <1» u Inpim nK <»1 ph n s were of g?eat in¬ 
terest, and might be of great important t, to ( U t tin tit nunu t < i» < ided to ai range a 
series of lectures which should desculx tli<s< dt w lopnu m t w n g< nerally 

intelligible to the technical men in question llu\\uit lmtunih « nough to obtain 
Professor Born, of Gottingen, who is well-known to all English physicists and physical 
chemists for his work on the solid state and on the new quantum mechanics, as the 
expositor, and the book before us is based on the seven let tures which he gave, the 
matter of those lectures having been worked up and prepared for the press by Dr. 
Fritz Sauter. 

Obvious difficulties of the task which Professor Born set himself are the selection 
of the matter and the rendering of it in a form understandable without profound 
mathematics, especially such developments as the principles of wave mechanics and 
the new types of quantum statistics know n by the names of Bose-Einstein and Fermi- 
Dirac. The selection is very properly dictated by Professor Born’s particular 
interests, but fortunately they cover the moat important aspects of modern quantum 
theory, and there is a large and fashionable school which will maintain that, as the 
title of the book implies, this is all that matters in modern physics. The presenta¬ 
tion is, considering the nature of the subjects, extremely clear and free from difficult 
mathematics, all detailed calculations being relegated to an appendix, where they 
are carried through with elegance and with freedom from the more troublesome 
mathematical technique 

It must not be understood that the book is altogether easy reading for a student 
without previous acquaintance with the subject, but it should present no insuperable 
difficulties to those w ho have a moderate knowledge of the old dynamical theory of 
gases, and have read some good general account of atomic structure. It is from the 
kinetic theory of gases that the author, naturally enough, sets out, laying stress on 
the nature of the assumptions. He then proceeds to deal with the elementary 
particles, and with the wave-corpuscle dilemma, dichotomy, duality—call it what 
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you will. This leads on to the Bohr atom, and its insufficiencies, which the matrix 
mechanics and wave mechanics have, as briefly described, so substantially reduced. 
The explanation of doublets and other features of the spectrum by the spinning 
electron and Pauli's exclusion principle occupy the fifth chapter. The stage is then 
prepared for a discussion of the modem systems of statistics, with the difficult con¬ 
ception of a degenerate gas, which has proved so valuable for the theory of the Con¬ 
duction of electricity in metals, even if superconductivity still defies the theorists. 
This part of the book in particular reveals the master, the relation of the two new 
systems of statistics to one another and to the older Planck and Boltzmann statistics 
being exposed about as well as could possibly be done in so restricted a space. The 
final chapter contains a general discussion of the problem of chemical combination as 
seen by the modern physicist. , 

There is ample evidence of the care which Dr. Sauter has devoted to his task of 
revision. In short, the book gives a beautifully balanced summary of some of the 
most fascinating developments of modern theoretical physics. 

E. N. da C. Andrade. 

Lipoide und Ionen. By Dr. A. Degkwitz. 15.5 x 22 cm.; xvi 4* 323 pp. Dresden 
and Leipzig: Steinkopff, 1933. Price: bound, 29.20 M.; unbound, 28.0 M. 

This volume contains a somewhat general but very readable account of the prop¬ 
erties of surface films and the action of the forces responsible for surface tension in 
effecting a molecular orientation as well as affecting chemical equilibria at inter- 
phases. Tn addition the more important properties of hydrophobic and hydrophilic 
colloidal systems are discussed 

The particular value of the book lies in the fact that the author has been at some 
pains to collect and sift the information available on the lipoids. It has, of course, 
long been a matter of dispute whether the physical functions of biological lipoids are 
merely to form a lipoid layer possessing all the properties entailed in the acceptance 
of the hypothesis of Overton and Meyer in respect to cell permeability and narcosis. 
In many cases these layers must be reduced to the dimensions of monolayers, and in 
* hose cases their specific and peculiar properties would appear to be of little value in 
accounting for the observed phenomena No detailed examination of the effect of 
lipoids on proteins in the gel state appears to have been made, but the author has 
collected together the results of the experiments of Calabek, Meyer, and especially 
Bamberger on lecithin and cholesterol which appear highly significant. Of recent 
year 3 the problem of swelling and contraction of amphoteric hydrophilic colloids, 
such as the proteins in the gel state, has attracted more attention and there is little 
doubt that the conditions of equilibrium envisaged by Procter and Loeb, namely 
those determined by the establishment of a Gibbs-Donnan equilibrium, is but part 
of the story. The restraint placed upon the system expanding on account of the 
differential osmotic pressure on this theory lies in the inherent extensibility of the 
network. The work of Astbury and Jordan Lloyd and others has shown that ex¬ 
tensibility in solution is determined by the number and nature of the cross linkages, 
as well as by the balance between the hydrophobic and hydrophilic portions of the 
polypeptide chains. Increasing the number of cross linkages or decreasing the 
hydrophilic portions of the chain renders the extensibility in solution less. This is 
the variable not considered in the formal mathematical investigation. We know 
thanks to the w ork of Kruyt and of Katz, that numerous substances whether ion& oi 
organic molecules are adsorbed by the proteins and affect the balance between the 
hydrophobic and hydrophilic portions of the molecule; thus tannic acid or amyl 
alcohol reduce the hydrophilic character, whilst thiourea and iodoacetic acid increase 
the number of hydrophilic groups We may regard these substances in the terminol- 
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ogy of the biologist as antagonistic to each other. It appears from an examination 
of the data presented by the author that lecithin behaves in a manner similar to 
thiourea, i.e., it is a hydrophil donator, whilst cholesterol is a hydrophobe donator. 
A mixture of the two preserves an adjusted equilibrium. If this really be the case 
the way is paved for the interpretation of many phenomena such as the production 
of hemolysis by varied reagents. 

Eric K. Rideal. 



SURFACE ACTIONS OF SOME SULFUR-BEARING ORGANIC 
COMPOUNDS ON SOME FINELY-GROUND 
SULFIDE MINERALS 

A. M. GAUDIN and WALTER D. WILKINSON 
Ore Dressing Laboratories of the Montana School of Mines, Butte, Montana 

Received September 19, 19S2 

The fine grinding required to liberate ore minerals so as to permit the 
fullest application of mineral separation by flotation produces particles 
of all sizes, from those having a diameter of about 100 microns to those of 
truly colloidal dimensions. The surface area of the solid phases is large 
in relation to their bulk, so that actions taking place at the interface be¬ 
tween the solids and the liquid in which they are immersed may involve a 
substantial amount of the agent in question, even though the action—or 
reaction—does not proceed on the solid to a depth greater than that cor¬ 
responding to one or two atomic diameters. The physicochemical effect 
of these reactions on mineral surfaces is known to be tremendous: indeed 
many of the actual reactions have been surmised from observed physico¬ 
chemical phenomena. 

The action (on the mineral surfaces) of the organic compounds that pro¬ 
mote attachment of minerals to gas bubbles is of particular interest to the 
student of physical chemistry, as the discovery of the actual modus operandi 
may have applications in many fields of colloid chemistry not directly 
related to flotation. Establishment of the mode of action of these organic 
compounds—generally called collectors—on the minerals is, of course, of 
paramount interest to the flotation engineer. 

While it is generally acknowledged that collector molecules, being hetero- 
polar, adhere to the mineral surface with their hydrophobic ends oriented 
away from the mineral, the mechanism of this attachment has been until 
quite recently a matter of speculation. 

The simplest collectors are possibly the fatty acids and their alkali 
soaps, which are used principally in the flotation of non-sulfide minerals. 
More complex organic compounds whose molecules contain sulfur, nitro¬ 
gen, or phosphorus are used for the flotation of sulfide minerals and of the 
oxidized minerals of lead and copper. 

Finely ground apatite 1 abstracts a considerable quantity of palmitate 
ion from an aqueous solution of sodium palmitate, while quartz does not 

1 Calcium phosphate in which some phosphate is replaced by fluorine or chlorine; 
the formula is often stated to be CasCF, Cl) (POds. 
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act in this manner. Although quartz sometimes appears to be floatable 
with sodium oleate as the collector, it has been shown (la) that flotation 
takes place to a substantial extent only when quartz has been activated 
by a cation, such as Pb ++ , Zn++, Ba ++ , Ca++, or Fe+++, which is capable 
of forming an insoluble soap. The fact that oleate ion, as such, adheres 
only to surfaces that have cations capable of forming insoluble oleates 
suggests that the mechanism of the abstraction is chemical. The action 
is practically irreversible and does not take place in accordance with the 
Freundlich adsorption isotherm (2). 

The behavior of some sulfur-bearing collectors, such as xanthates, 
toward oxidized lead and copper minerals is also well known (lb). These 
substances react metathetically with the surface of the mineral, forming 
thereon heteropolar coatings with the water-repellent end of the mole¬ 
cules of the coating oriented toward the w at or (3). 

The mechanism of the action of the sulfur-bearing collectors (e.g., thio¬ 
ureas, mercaptans, thiophenols, or xanthates) on sulfide minerals is less 
accessible to investigation, and apparently more complicated, than the 
action of fatty acids and soaps. 

In spite of the evidence adduced by Taggart and his associates (4) 
of the strictly chemical character of the reaction between some collectors 
and some sulfide minerals, there are investigators who still adhere to the 
view that the phenomenon is one not involving primary valence forces. 
Holman (5), for instance, favors the secondary valence theory of ad¬ 
sorption, in that he assumes that xanthate molecules or ions are oriented 
at the mineral surfaces so that the double-bonded sulfur atoms, which he 
considers to be air-avid, are away from the mineral surface. .Ostwald (6), 
on the other hand, considers that it is the double-bonded sulfur atom which 
has an affinity for the mineral, and at least in the case of sodium dicresyl 
dithiophosphate (“aerofloat”). 


S OC 6 H<CH, 

%/ 

P 

/\ 

NaS OC,H«CH 3 

and with xanthates, 


OR 

/ 

s=c 

\ 

SNa 

that it is the hydrocarbon group that is hydrophobic. The majority of 
investigators are in accord with this latter opinion. But Ostwald goes 
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farther and imagines that a collector must be “triphilic,” that is, that 
each of its molecules must have a water-avid group, an air-avid group, 
and a mineral-avid group. Ostwald appears to support the view that 
the adherence of the reagent is a matter of residual valence. 

With those who believe that the abstraction of reagent from solution 
or suspension by the mineral is the result of a chemical reaction, it is still a 
question whether the major reaction is with the mineral itself, or with a 
mineral surface that has become oxidized (Taggart and coworkers), and 
whether it is the reagent itself, or a product resulting from the oxidation or 
decomposition of the reagent, which reacts with the mineral. 

An investigation of the action of xanthates, 

OR 

/ 

s—c 

\ 

SM 

and of dixanthogens, 

OR 

/ 

S~C 

\ 

s 


8 

/ 


OR 

on galena and pyrite has been conducted at the Montana School of Mines. 
Work is now in progress in which experimentation is conducted with a 
wider variety of minerals and reagents. 

THE SURFACE REACTIONS OF XANTHATES AND DIXANTHOGENS ON GALENA 

In regard to the action of xanthate on galena it is known (3) that: (a) 
the surface of galena oxidizes rapidly in the presence of moist air or of 
water exposed to air, to form a film of lead sulfate, basic lead sulfate, or 
a compound of lead, sulfur, and oxygen of indeterminate composition con¬ 
taining less oxygen in relation to sulfur than the sulfate or basic sulfate; 
(b) this oxidized coating penetrates cleavage planes to an unknown but 
substantial extent; (c) the oxidized coating reacts with alkali xanthates, 
forming lead xanthates, which are less soluble in water than lead sulfate or 
basic lead sulfate; (d) slightly oxidized galena abstracts xanthate ion from 
solution and yields sulfate and other anions in approximately equivalent 
amount. 
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It was proposed to investigate further the action of xanthates on galena 
with particular reference to the effect of oxidation on the reaction prod¬ 
ucts. In most cases the galena was finely ground, so that the final sur¬ 
face area of the mineral particles was several hundred times the original 
area. This made possible the recovery of sizable amounts of reaction 
products from quantities of galena that were not excessively large. The 
reaction products were recovered from the mineral by leaching with 
carefully purified acetone or benzene. The solvent was then evaporated 
quickly with a fan, so as to prevent as far as possible decomposition of the 
solute while in solution. Lead xanthates, particularly the higher xan¬ 
thates and the branching or secondary compounds, are prone to decompose 
in solution, especially if warm; consequently any method of concentrating 
the leach liquor by the application of heat, such as distillation, is out of the 
question. 

The raw galena was a jig concentrate from the Tri-State district. 
Before cleaning (see below) the galena was crushed, concentrated by ta¬ 
bling, and sized to 20/65 mesh by screening. After this preliminary 
purification the impurities were iron oxides and sphalerite, together with 
minor amounts of pyrite, calcite and silicates. Of these the ferric oxides 
were suspected of being the most harmful. However, their removal in 
the subsequent cleaning step was almost complete. 

After the preliminary cleaning just described, the galena was cleaned 
with an ammonium chloride-hydrochloric acid solution and with 0.5 N 
redistilled hydrochloric acid. The pH of the ammonium chloride-hydro¬ 
chloric acid stock solution was 1.4, but before use the solution was diluted 
with thrice its volume of distilled water; a much greater concentration of 
cleaning solution results in undue metathesis of the hydrochloric acid with 
the galena, and in precipitation of salts on the mineral. 

The galena was washed with distilled water until the rinse tfas clear, 
then boiled gently for four hours in 400 cc. of the diluted ammonium chlo¬ 
ride-hydrochloric acid solution. The operation was repeated until exam¬ 
ination with a binocular microscope showed the galena to be substantially 
free from impurities other than a little quartz, pyrite, and sphalerite; total 
impurities usually were about 0.3 per cent. The sample was next boiled 
gently for two hours with 400 cc. of 0.5 A 7 * hydrochloric acid, and then 
was washed with distilled water. The hydrochloric acid treatment and 
subsequent washing were repeated. 

The object of this procedure was to remove the lead sulfate coating from 
the galena surface and to dissolve ferric impurities. This method was 
preferred to the use of ammonium acetate, for it was thought ammonium 
acetate might contain organic impurities difficult to remove. Also, hot 
hydrochloric acid (7) dissolves lead sulfate, especially if a large concentra¬ 
tion of chloride ion is maintained by the addition of an alkali chloride or 
ammonium chloride. 
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After the special cleaning treatment just described, the mineral was 
ground in a closed porcelain jar of the type known as an assay mill. The 
jar was filled half-way with pebbles and pulp, the remainder of the space 
being occupied by air. In some tests a nitrogen atmosphere was used; 
this is specifically stated in every instance. Every grind was, of course, 
a wet grind. 

It was found that galena treated in this manner abstracts almost as 
much xanthate after it is ground as galena that has not been cleaned. 
This indicates that galena almost completely reoxidizes on a few hours* 
exposure to air. The amount of oxygen in an assay mill is of an order of 
magnitude sufficient to oxidize the fresh galena surface produced by a 
six-hour grind. 

The following experiments were singled out from among many as of 
especial significance in ascertaining the true action of xanthates and 
dixanthogens on galena. 


Experiment No. 1 

Five hundred grams of cleaned galena was ground for six hours in the 
presence of 500 cc. of water; 2.50 g. potassium ethyl xanthate was added to 
the pulp of ground mineral. The mixture was stirred, allowed to stand 
for fifteen minutes and filtered. It was found by titration that approxi¬ 
mately 1.0 g. of 4he reagent remained in the filtrate in the form of potassium 
ethyl xanthate; in other words, ethyl xanthate ion corresponding to 1.5 g. 
of molecular potassium ethyl xanthate had been abstracted or decomposed. 

After dewatering, the treated mineral was leached with nearly one liter 
of acetone; about one-half of the acetone was stirred with the mineral for 
fifteen minutes, and the mixture was filtered, and the rest of the acetone 
was used in washing the filter cake. The filtrate was evaporated with an 
electric fan. During the process characteristic crystals of lead xanthate 
(8), arranged in lily-pad fashion, appeared on the surface of the leach 
liquor. Besides the lead xanthate, there was found in the leach residue 
some oil, possibly ethyl dixanthogen, and a trace of lead sulfide, but no 
potassium ion. Methods of identification of these and other leach residues 
are presented elsewhere (8). 

This experiment was repeated, except that 1.50 g. of xanth xte was used 
in place of 2.50 g. Only 0.22 g. of potassium xanthate was found in the 
aqueous filtrate, hence 1.28 g. was abstracted by the mineral. The de¬ 
watered, treated mineral contained the same substances as before. 

This experiment was again repeated, except that the amount of xanthate 
was reduced further to 1.0 g., and that the grinding time was increased 
to eight hours. All the xanthate was abstracted. The dewatered, treated 
mineral contained the same substances as before. 

These experiments show that xanthate ion corresponding to one gram 
or more of potassium ethyl xanthate is abstracted in fifteen minutes by 
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500 g. of galena ground from six to eight hours in contact with a limited 
volume of air. These experiments also show that a considerable excess 
of xanthate ion is required to increase greatly the amount abstracted. 

Experiment No. 2 

Experiment No. 1 was repeated, except that the grinding time was in¬ 
creased threefold to eighteen hours. Of 2.50 g. of potassium ethyl xanthate 
added initially, but 0.42 g. remained in the aqueous filtrate, indicating that 
xanthate ion corresponding to 2.08 g. of the agent had been abstracted or 
decomposed. In this case the amount of xanthate abstracted did not 
increase in proportion to the added surface produced by the longer grind 
(9). This is perhaps because some of the freshly produced surface was not 
completely oxidized, and therefore did not react to the extent that a com¬ 
pletely oxidized surface would react. 

Experiment No. 3 

Five hundred grams of cleaned galena was ground for eighteen hours in 
the presence of 1.00 g. of potassium ethyl xanthate. The xanthate ion 
disappeared completely. However, the amount of lead xanthate recovered 
from the treated mineral was very small. In this case the xanthate had 
apparently decomposed, either while in the solution or while at the mineral 
surface as solid xanthate. In this, as in other tests in which the mineral 
was ground in the presence of the reagent, various decomposition products 
were noted, especially an oil, possibly ethyl dixanthogen, and elemental 
sulfur, and perhaps lead ethyl mercaptide (8). 

This test shows that potassium ethyl xanthate or lead ethyl xanthate 
decomposes much faster if in association with a galena surface, moisture, 
and atmospheric gases than if in bulk in the solid state or in pure aqueous 
solution or suspension. 


Experiment No. ^ 

Five hundred grams of cleaned galena was ground four hours and then 
treated with 2.00 g. of potassium n-amyl xanthate, in place of ethyl xan¬ 
thate. Lead ??-amyl xanthate was the chief product extracted by leaching 
the mineral. 

This test shows that the primary reaction between dissolved xanthate 
and galena is the same whether n-amyl or ethyl xanthate is used. 

Experiment No. J^a 

Experiment No. 4 was repeated except that the amount of xanthate was 
reduced to 1.00 g., and that, after treatment, the mineral was exposed in 
aqueous pulp to the atmosphere for a day before filtering. As the galena 
was unusually dry after this treatment, it was leached with benzene instead 
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of acetone. Sulfur corresponding approximately to one sulfur atom per 
xanthate molecule abstracted was the only product identified; however, 
a strong odor suggestive of a mercaptan or of a xanthic ester was noted. 

These tests show that lead amyl xanthate decomposes rapidly, and in a 
well-defined way, when in contact with lead sulfide, moisture, and air. 

Experiment No. 4b 

Experiment No. 4a was repeated with phenyl thiourethan, 

C 6 H 6 OC 9 H 6 

\ / 

N—C 

/ s 

H S 

used in place of xanthate. Sulfur corresponding to approximately one atom 
per molecule of reagent was obtained in the leach liquor. 

Experiment No. 5 

One hundred grams of uncleaned galena, ground thirty hours with 400 
g. of granite in the presence of n-amyl dixanthogen, 

C b UnO OCfiHn 

\ / 

C—-S—S—C 

/ \ 

s s 

was floated, filtered, and then leached with benzene. The benzene left a 
residue of sulfur plus some volatile material, possibly the amyl ester of 
amyl xanthic acid (8). The amount of sulfur recovered was approxi¬ 
mately that which would be contributed by two of the sulfur atoms in each 
dixanthogen molecule. 

This test shows that dixanthogen, which is the direct oxidation prod¬ 
uct of xanthate, is itself decomposed when allowed to remain in contact 
with a large amount of galena surface. 

Experiment No. 5a 

If amyl formate disulfide, 

CfiHnO OCfiHu 

\ / 

c—s—s—c 

s \ 

0 0 
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be substituted for amyl thioformate disulfide (amyl dixanthogen), 

C>H n O OCfiHn 

\ / 

c—s—s—c 

✓ \ 

s s 

sulfur appears again as the only solid reaction product. The amount of 
sulfur obtained is again approximately that corresponding to two sulfur 
atoms per molecule of reagent, showing that in this case, as probably in 
that involving dixanthogen, the sulfur left with the mineral after reaction 
is the single-bonded, or disulfide, sulfur. 

Experiment No. 6 

Seven hundred grams of uncleaned galena was ground for four hours in an 
atmosphere of nitrogen in the presence of 1.00 g. of potassium ethyl xan- 
thate which had been added in oxygen-free solution. The assay mill was 
emptied in a nitrogen atmosphere, and the slime was filtered and washed 
with acetone, also in an atmosphere of nitrogen. * 

The aqueous filtrate was titrated immediately for xanthate. It was 
found that xanthate ion corresponding to 0.99 g. of the reagent had disap¬ 
peared. Sulfate ion was found in the aqueous filtrate, and lead xanthate 
was recovered from the treated mineral. 

A similar experiment was conducted with cleaned galena in a nitrogen 
atmosphere. Again a substantial disappearance of xanthate ion was noted. 
Xanthate disappearance, sulfate evolution, and lead xanthate extraction 
from the mineral were much smaller in this experiment than in correspond¬ 
ing experiments conducted in air. 

Taken as a whole these experiments confirm the view of Taggart and his 
associates, in so far as galena and xanthates are concerned, that Hie reac¬ 
tion is essentially a metathesis between oxidized coatings on the mineral 
and the xanthate in solution, although they do not exclude the possibility 
of reaction between galena itself and the xanthate in solution. 

From the experiments described in this paper, it would appear that the 
following reactions take place: 

1. Galena + oxygen —»lead sulfate coating on galena 

2. Galena coated with lead sulfate + potassium xanthate in aqueous solution—> 

galena coated with lead xanthate + potassium sulfate in solution 

3. Lead xanthate coating on galena -f oxygen (?) —> dixanthogen coating on 

galena + oxidized lead salt. 

4. Galena not coated with lead sulfate -f dixanthogen suspended in pulp —» ga¬ 

lena coated with dixanthogen 

5. Dixanthogen coating on galena 4- oxygen (?) —► elemental sulfur corresponding 

to the two single-bonded (disulfide) atoms of sulfur per dixanthogen mole¬ 
cule + volatile sulfur organic compounds (xanthic esters and mercaptans?). 
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The reactions are purposely not formulated because of the uncertainty 
which at present surrounds some of them. It appears that steps 2 and 5 
are relatively rapid, that 3 is rather slow, and that the speed of 4 depends on 
physical rather than chemical circumstances. 

THE SURFACE REACTIONS OF XANTHATES AND DIXANTHOGENS ON PYR1TE 

From what is known concerning galena it is tempting to conclude that 
similar reactions take place with other sulfide minerals. In the case of 
pyrite, however, it is difficult to postulate the formation of iron xanthate as 
a first step in a chain of reactions because ferrous xanthate is quite soluble 2 
and because ferric xanthate hydrolyzes to ferric hydrate and xanthic acid. 

Since, however, xanthates are very effective in floating pyrite, and since 
xanthates are abstracted by the mineral, it is evident that xanthate ion or 
some decomposition product must attach itself to the surface of the mineral. 
The most probable substance seems to be dixanthogen. The experiments 
described in the following pages, however, indicate that the reactions in¬ 
volved are somewhat more complicated than is implied by the view that the 
active collector is dixanthogen. 

The experimental procedure for testing pyrite was essentially the same 
as that used in Experiment No. 1, in which galena was used. The pyrite 
was hand-picked mineral from Butte. After being cleaned it contained 
a trace of arsenic, less than 0.05 per cent copper, and no zinc. 

The pyrite was cleaned with 1:1 hydrochloric acid according to the 
method recommended by 0. W. Orr (12) except that the mineral was first 
washed, at a coarse size, with redistilled acetone. This step was designed 
to remove oily compounds possibly deposited from suspension in air while 
the mineral was stored in the laboratory (3). Unless otherwise stated, the 
experiments were performed in air and a 500-g. sample of pyrite was used 
in each case. All the grinds were wet grinds; during grinding the pulp 
dilution was 1:1. 


Experiment No 7 

To 20/65 mesh cleaned pyrite ground for eight hours was added 1.00 g. 
of potassium ethyl xanthate. Immediately after the addition of xanthate 
there was an odor resembling that of commercial carbon disulfide. The 
xanthate was completely abstracted or destroyed. The aqueous filtrate 
contained ferric ion, chloride ion, sulfate ion, but no sulfide ion. 

The acetone leach liquor contained elemental sulfur. 

2 The solubility of ferrous ethyl xanthate exceeds one part per thousand, whereas 
the solubility of lead ethyl xanthate is less than one part per million. 
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Experiment No. la 

Experiment No. 7 was repeated, except that the pulp was allowed to 
stand in the assay mill for two days before opening the mill. A much 
stronger vacuum than usual was noted on opening the mill. This indi¬ 
cates that the freshly produced pyrite surfaces, the reagent, or both had 
been more completely oxidized by the oxygen in the mill than if the mill 
had been opened immediately. 

Besides sulfur, the following substances appear to have formed during 
the reaction:—carbon dioxide, carbon disulfide, carbonyl sulfide, and a rela¬ 
tively complex organic acid (8). 

These experiments show that potassium ethyl xanthate is abstracted by 
pyrite ground in a limited volume of air, from a pulp slightly acid in the 
vicinity of the mineral particles, probably because of oxidation of the pyrite, 
to yield principally elemental sulfur, but also miscellaneous volatile organic 
compounds as yet incompletely determined. 

Experiment No. S 

Acid-cleaned pyrite was ground eighteen hours with 2.00 g. of potassium 
n-amyl xanthate. The aqueous mixture was agitated with redistilled ben¬ 
zene in a closed jar, on agitating rolls. All the pyrite went into the ben¬ 
zene phase. The benzene was evaporated with a current of air; the result¬ 
ing residue contained sulfur and something that smelled like an ester. 

This experiment shows that the reactions with amyl xanthate are similar 
to those with ethyl xanthate. 

Experiment No. 9 

Five hundred grams of cleaned pyrite and 1 g. of ethyl dixanthogen in 20 
cc. of ethyl alcohol was added to one-half liter of water. The mixture was 
ground for six hours. The mill was opened and a sample of the pyrite, 
which formed a dry froth (14), was immediately shaken with ether and the 
sample was tested for dixanthogen. No dixanthogen or xanthate was 
found,—only sulfur. The amount of sulfur recovered from the total pulp 
was 0,210 g., which corresponds nearly to two atoms of sulfur per dixantho¬ 
gen molecule. 

This experiment shows that dixanthogen in contact with pyrite is decom¬ 
posed to yield elemental sulfur. 

Experiment No. 10 

Five hundred grams of pyrite was ground twelve hours in a normal potas¬ 
sium hydroxide solution. After this preliminary grind 1 g. of ethyl dixan¬ 
thogen was added ancj the mixture was ground further for eight hours. 
The leach liquor contained some oil, possibly dixanthogen, together with 



SURFACE ACTIONS OF SULFUR-BEARING COMPOUNDS 


843 


sulfur. The sulfur was less abundant than in experiments conducted in 
pulps not made alkaline. 

This experiment suggests that if the sulfuric acid formed by the reaction 
of atmospheric oxygen with pyrite in the presence of water is neutralized 
and an excess of alkali is present, the dixanthogen may not decompose so 
readily, nor perhaps be abstracted so readily. 

Experiment No. 11 

Five hundred grams of cleaned pyrite was ground for six hours to be 
tested as a blank. In the acetone leach there was found a small amount 
(less than 0.020 g.) of sulfur and traces of ferric chloride. The amount of 
sulfur found was less than one-tenth the amount found in corresponding 
experiments with a xanthate or dixanthogen. 

This experiment shows that the sulfur observed in experiments 7 to 10 is 
essentially not an impurity derived from the mineral. 

Experiment No. 12 

Seven hundred grams of uncleaned pyrite was ground in a nitrogen at¬ 
mosphere to parallel experiment No. 6 carried out with galena, except that 
amyl xanthate was used in place of ethyl xanthate. Of the 0.991 g. of xan¬ 
thate added, 0.986 g. was abstracted or decomposed. Less sulfur was 
found than in other experiments, and the sulfur was sticky with an oil. 

This experiment shows that amyl dixanthogen is formed when amyl 
xanthate is added to pyrite, but that the dixanthogen is subsequently 
decomposed to yield sulfur. 

From the above experiments it is clear that the product of the reaction of a 
xanthate with pyrite, or of a dixanthogen with pyrite, is in the end sulfur, 
together with some as yet incompletely identified volatile compounds. If 
the quantity of oxygen or other oxidizing agent is minimized, the reaction 
chain may be limited merely to the production of dixanthogen. 

It is not known whether xanthate ion is adsorbed momentarily at the 
pyrite surface where it becomes oxidized to dixanthogen, or whether soluble 
iron salts are responsible for the change of the xanthate in solution. In the 
absence of definite evidence as to the mode of oxidation of the xanthate, the 
following reaction steps appear likely: 

1. Pyrite + oxygen -f xanthate ion —► dixanthogen-coated pyrite + sulfate ion; 

2. Pyrite + dixanthogen suspension in water -> dixanthogcn-coatcd pyrite; 

3. Dixanthogen-eoatcd pyrite -f oxygen -> sulfur + miscellaneous volatile 

compounds. 

THE SURFACE REACTIONS OF OTHER SULFIDE MINERALS 

Preliminary experiments in need of duplication and extension have been 
conducted with chalcocite, Cu 2 S, chalcopyrite, CuFeS 2 , and sphalerite. 
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ZnS. In view of the interest presented by these incomplete experiments, 
some of the results are presented here. 

Sphalerite does not abstract xanthates from solution (Id); no reaction 
product can be extracted from the mineral. 

Chalcocite abstracts isoamyl monosulfide from aqueous suspension. 
Part of the reagent, unchanged, can be extracted from the treated mineral. 

Chalcocite abstracts isoamyl disulfide from aqueous suspension. The 
reagent is changed to the monosulfide and sulfur. 

Chalcocite abstracts isoamyl mercaptan from aqueous suspension or 
solution. The reagent appears changed to isoamyl monosulfide and sul¬ 
fur (13). 

Chalcopyrite abstracts isoamyl monosulfide from aqueous suspension. 
The reagent appears changed to a mixture of sulfur and an oily substance as 
yet unidentified. 


SUMMARY 

Much work remains to be done to complete the investigation which has 
been undertaken. However, the following conclusions summarize the 
results obtained so far. 

1. Galena reacts with xanthates to form lead xanthates, principally by 
metathesis of oxidized coatings with the xanthate. Subsequently the 
xanthate changes to sulfur and unidentified oils. Some of the changes 
appear to require atmospheric oxygen. Because of the great area over 
which the lead xanthate or dixanthogen is assumed to be spread, the galena 
may well be regarded as a catalyst in the decomposition of the primary 
reaction product. 

2. Galena abstracts dixanthogen from aqueous suspension, and appar¬ 
ently catalyzes the decomposition or oxidation of the dixanthogen to yield 
principally elemental sulfur. 

3. Pyrite, or ferric ion derived from it by oxidation, changes xanthate to 
dixanthogen; the dixanthogen can be extracted from the mineral surface 
provided oxidation of the dixanthogen is prevented. 

4. If oxidation at the surface of pyrite is not restricted, the dixanthogen 
formed there by preliminary oxidation of xanthate, or that abstracted 
directly from a suspension of dixanthogen, breaks down to elemental sulfur 
and miscellaneous volatile compounds. 

5. Reactions of the copper and zinc sulfides appear to be different from 
those of galena and pyrite. In general, indeed, it may be said that each 
mineral-reagent combination requires a special investigation. 

The writers wish to express their appreciation to Mr. M. S. Hansen and 
Mr. L. J. Hartzell, Jr.,/or the use of unpublished data. 
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In what ratio of equivalence lactose may be substituted for sucrose in 
solutions in which the essential effect of the sugar present is dependent on 
osmotic pressure, is the question this work was undertaken to answer. 
Since osmotic pressure is proportional to the number of discrete units of 
solute in a solution, it is to be expected that anhydrous lactose would be 
exactly equivalent to sucrose on a weight basis, provided only that the two 
sugars are associated, dissociated, or hydrated in water solution to the 
same degree. Preliminary calculations of osmotic pressures of sucrose 
solutions showed that values derived by the gas law formula differ from 
those derived from freezing point measurements of Pickering (4) in such a 
way as to be explicable by the assumption of hydration of each sugar 
molecule by three to six molecules of water, the exact number depending on 
the concentration of the solution. It seemed reasonable to expect that a 
similar, though not necessarily identical, situation would be found to exist 
for lactose solutions. In any case, actual measurements were desirable. 

Freezing points of lactose solutions were determined by the Beckmann 
method with the usual precautions. Several samples of purified lactose 
were used, each sample having been dried separately. The checking of 
results by use of different samples was taken to indicate a satisfactory 
degree of purity of all the samples. The lactose for each determination 
was weighed into a Florence flask, the required quantity of water added by 
means of a pipet, and the flask warmed until solution was complete, care 
being taken to minimize loss of water by evaporation. The solution was 
then transferred to the freezing tube and a freezing point determination 
made. 

Particularly at the higher concentrations it frequently happened that 
crystallization of sugar would begin before freezing of water had com¬ 
menced. This could be detected by the continuing rise of the mercury 
thread in the thermometer during separation of solid material, and could 
be verified by removing the freezing tube and observing whether the crys¬ 
tals in the solution were lactose or ice. Repeated efforts to obtain freezing 
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points on solutions of concentrations higher than the highest recorded in 
the table were unsuccessful because the crystallization was initially of 
lactose. The values recorded in table 1 are the averages of the results of 
at least three determinations in each case. 

TABLE 1 


Freezing points and osmotic pressures of lactose solutions 


WBIOHT OF ANHYDROUS 
LACTOSE IN 100 GRAMS WATER 

FREEZING POINT A 

OSMOIIC PRESSLHE ' 

grama 

4 738 

degrees C 
-0 280 

atmosphere < 

3 33 

9 452 

-0 557 

6 63 

14 144 

-0 839 

9 98 

18 812 

-1 125 

13 39 

23 451 

-1 426 

16 96 

28 567 

-1 731 

20 59 

37 897 

—2 353 

28 02 

47 201 

-2 986 

35 52 

56 436 

-3 672 

43 68 

65 594 

-4 344 

51 68 



Grams Sujar per 100 Grams Water 


Fig. 1. Freezing Point Depressions of Solutions of Lactose and of 

Sucrose 

The concentrations used were prepared by dissolving 5 g. or some mul¬ 
tiple of 5 g. of lactose hydrate in 100 g. of water. These concentration 
values were corrected for the effect of undercooling by means of the formula 
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m which w is the weight of lactose hydrate originally present in 100 g. of 
water, w a is the weight of lactose hydrate present in 100 g. of water at the 
moment the thermometer thread has risen to the freezing point after under¬ 
cooling, t is the amount of undercooling in degrees Centigrade, c is the 
specific heat of the liquid in calories, and L is the latent heat of fusion of 
ice in calories. The concentration of anhydrous lactose was next calcu¬ 
lated by means of the formula 



in which w a has the same significance as above, and w b is the weight of 
anhydrous lactose in 100 g. of water. 

The factor used for calculating osmotic pressure from depression of freez¬ 
ing point, 11.898, is that given by Levalt-Ezerskii (3) for sucrose. The 
justification for applying this value to calculations involving lactose is the 
chemical similarity of the two compounds and the close agreement of 
freezing points of their solutions. This agreement is shown in figure 1, in 
which Pickering's (1) values of freezing points of sucrose solutions are 
plotted together with values for lactose by Hudson (1), by Jones and Get- 
man (2), and by the author. 

The values of osmotic pressure given in table 1 are in all cases greater 

22.4 

than values calculated from the gas law relationship, X 10 w b , the 

difference being proportionately greater at the greater concentrations. 
Since values for lactose agree with values for sucrose within 1 per cent and 
since, as established by freezing point determinations on a solution con¬ 
taining both sugars, the osmotic pressures of the two sugars are additive, 
it is concluded that one may be substituted for the other in solutions 
without appreciable influence on osmotic effects. 
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INTRODUCTION 

In formulating the precipitation and adsorption rules (1) of Paneth, 
Fajans, and Hahn, much work has been done on the adsorption of various 
ions of common elements, of radioactive elements, and of dyes on silver 
and mercury salt crystals. Relations have been shown between adsorb- 
ability and insolubility, adsorbability and mixed crystal formation, and 
adsorbability and weakness of dissociation of the compound formed by the 
adsorbed ion. It has been our purpose to extend this study to thallium 
halide crystals. In this paper measurements made on the adsorption of 
thorium B by thallium bromide and thallium iodide crystals and the effect 
of various anions-and cations on this adsorption will be reported. 

The polar crystals of thallium bromide and thallium iodide are of the 
cubic system of the cesium chloride type, where a thallium ion is surrounded 
by eight halide ions. The surface ions in the lattice possess a residual at¬ 
tractive force which is available for attaching to the crystal ions which fit 
into the crystal lattice, or which form an insoluble or undissociated com¬ 
pound with the oppositely charged ions of the lattice. When thallium 
iodide is in equilibrium with its saturated solution, adsorption of its own 
ions is analogous to crystal growth. When thallium iodide crystals are in 
contact with a solution of an iodide salt, they take on a minus charge owing 
to the adsorbed iodide ions and when they are in contact with a solution of 
a thallium salt, they take on a plus charge owing to the adsorption of the 
thallium ions. If a thallium iodide crystal is in contact with its saturated 
solution and has a preferential adsorption for one of its own ions, the surface 
of the crystal will take on the charge of the ion which has been adsorbed. 
In the case of silver iodide, Lange and Crane (2) found that silver iodide 
had adsorbed iodide ion from the saturated solution and that the silver io¬ 
dide-saturated solution potential was 0.004 volt. It was necessary to 
bring the silver iodide crystal to equilibrium with a 4 X 10~ 6 normal silver 
nitrate solution in order to neutralize this minus charge on the crystal. 
Bromide ion is less readily adsorbed to silver bromide crystal surfaces and 
chloride ion less so than bromide ion. In this series of halide ions, the 
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adsorbability of the ions on the silver halide crystal is (1) in the inverse 
order of the solubility of the salts formed by the ions, (2) in the same order 
of the deformability of the ions, and (3) in the inverse order of the hydration 
of the ions. Fajans considers these three factors of prime importance in 
determining the relative adsorbability of similar ions. 

We have found in the case of the purest thallium iodide which we could 
prepare that the iodide ion was preferentially adsorbed, giving the thallium 
iodide crystal a negative charge. This “neutral” thallium iodide crystal 
showed a marked adsorption for thorium B ions and in colloidal suspension 
migrated toward the positive terminal when viewed in the field of a micro¬ 
scope. In comparing the relative adsorbability of the halide ions, we 
found that iodide ion was more easily adsorbed than bromide ion and bro¬ 
mide ion more easily adsorbed than chloride ion on thallium halide crystal 
surfaces. 

Fajans has found in the case of the relative adsorbability of dis¬ 
similar ions that other factors than those just mentioned are also of 
importance (3). Even though silver erythrosinate is one hundred times 
more soluble than silver iodide, the erythrosinate ion is much more easily 
adsorbed than is iodide ion on silver iodide. In this case he states that 
there is a dominating influence of the non-polar forces in the large dye ion. 
He also finds that thiocyanate ion is better adsorbed on silver iodide than is 
bromide ion even though silver bromide is less soluble than is silver thio¬ 
cyanate. 


PREPARATION OF MATERIALS 

Water 

Water for all the experiments was made by use of a Barnstead still. By 
keeping the condenser water hot, water with a conductance of 1.7 X JO 6 to 
2 X 10" 6 was easily obtainable. This water was stored and used in Pyrex 
containers which had been thoroughly steamed out. In the washing of the 
crystals, the water was piped directly from the block tin condenser of the 
still to the washing tower shown in figure 1. Thus it was possible to wash 
the precipitated crystals over long periods of time with pure water with no 
possibility of contamination by foreign ions. In the case of the silver salts 
used in the work to be described in the next paper, the water was run 
through the wall of a dark room so that the silver halide crystals could be 
washed continuously with agitation in the dark with water of the con¬ 
ductance given above. 

Thallium bromide and thallium iodide 

In the earlier work on the adsorption of ions on precipitates, the adsorp¬ 
tion was allowed to take place as the precipitate was formed. For instance, 
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to a silver nitrate solution containing thorium B ions or dye ions was added 
potassium bromide solution until the equivalent point was reached, or to 
such a point that there was a definite excess of silver ions or bromide ions. 
The solution was then freed from the precipitate by filtering or centrifuging 
and the concentration of the thorium B or dye ions was determined in the 
solution. Obvious possible errors could be caused by (1) the presence of 
the potassium or the nitrate ions, (2) the difficulty of forming the precipi¬ 
tate each time in such a way as to have the same surface; (3) the difficulty 
of preventing local excesses of either ion, which would result in local charges 
on the precipitate; and (4) the possibility of the occlusion of thorium B 



(either as ions or in some colloidal or pseudocolloidal form) or the dye ions 
in the precipitate. 

The results of such work could be treated more qualitatively than quanti¬ 
tatively. Beekley and Taylor used a suspension of thoroughly washed silver 
iodide as adsorbent. Here there is the possibility of a changing surface of 
the precipitate owing to small crystals going into solution and recrystalliz¬ 
ing on large crystals. They report a change of 50 per cent adsorption in six 
months time. J. Walker made use of silver bromide powder, and in the 
latest work of Fajans (4) the crystals used were prepared as a perfectly dry 
powder and a definite weight was always used in the adsorption experi¬ 
ments. This method has the advantage of obtaining reproducible surfaces 
which undergo slight changes in the few minutes needed to reach the adsorp- 
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tion equilibrium. A large amount of powder can be prepared and pre¬ 
served over a long period of time, thereby assuring the same surface per 
unit of weight for a number of experiments. 

The thallium bromide and thallium iodide crystals were prepared by 
three methods in order to study the behavior of the so-called “neutral 
particle/ 1 Hahn (5) reports that it is possible to prepare crystals whose 
surfaces are electrically neutral and that such crystals have no adsorption 
for radioactive ions. Our crystals prepared by the three methods to be 
described all possessed a marked adsorption for thorium B ions. 

First method. Two liters each of 0.1 N thallium nitrate and potassium 
bromide or potassium iodide were allowed to drop at equal rates into 4 
liters of water contained in a large balloon flask. The water was rapidly 
stirred. The precipitated salt was then allowed to settle and the super¬ 
natant liquid was siphoned off. The precipitate was washed by decanta¬ 
tion ten times with 4-liter portions of water. It was then warmed and 
rapidly stirred with 4 liters of water for 15 minutes. This treatment, ac¬ 
cording to Hahn, will dissolve from the surface any adsorbed ions. The 
solution was cooled, and the supernatant liquid decanted. This warming 
procedure was repeated three times. Then the precipitate was placed in 
the washing tower shown in figure 1 and agitated as some 60 liters of water 
were slowly passed through the crystals from below. No test for nitrates 
was obtained when 20 cc. of the wash water was evaporated to dryness and 
the phenolsulfonic acid test was used. The washed crystals were then dried 
on a thoroughly cleaned porous tile and warmed to 60°C. to 110°C. in an elec¬ 
tric oven. The crystal powder was stored in a crystallizing dish over 
phosphorus pentoxide in a desiccator. 

Second method. The potassium bromide or iodide solution was first 
added to the water as above and the thallium nitrate solution was dropped 
in with rapid stirring. The precipitated powder was then put through the 
same steps as given above. 

Third method. The thallium nitrate was first added to the water and 
the potassium bromide or iodide solution was dropped in with rapid stirring. 
The rest of the procedure was carried out as stated. 

Thorium B nitrate solution 

Thorium B was collected as described in the paper of King and Romer 
(1). After about sixty-four hours the loops were removed and the thorium 
B was dissolved in 5 cc. of warm 0.2 N nitric acid. This solution was then 
washed into a 100-cc. volumetric flask, 13 cc. of 0.2 N nitric acid added, 
and the whole made up to 100 cc. with water. One cc. of this solution was 
then removed, evaporated to dryness, and its activity determined in a beta 
ray electroscope. The volume was then adjusted with nitric acid of equal 
concentration so that 1 cc. of the resultant solution when evaporated to 
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dryness had an activity of approximately 150 scale divisions per minute. 
This constituted the stock solution of thorium B nitrate. 

Thallium nitrate stock solution 

A thallium nitrate solution slightly more concentrated than 0.2 N was 
prepared. This was standardized gravimetrically by precipitating thal¬ 
lium iodide in 50 per cent alcoholic solution. The solution diluted to 
0.2 normal was used as the stock solution of thallium nitrate. 

Potassium bromide stock solution 

A 0.2 normal potassium bromide solution was prepared by standardiza¬ 
tion with silver nitrate using potassium chromate as an indicator. 

Potassium iodide stock solution 

A 0.05 normal solution of potassium iodide was prepared by standardiz¬ 
ing gravimetrically by precipitation of silver iodide (dark room). 

Potassium chloride Aock solution 

A 0.05 normal solution of potassium chloride was prepared by titration 
against silver nitrate solution using potassium chromate as an indicator. 

Potassium thiocyanate stock solution 

A 0.05 normal solution of potassium thiocyanate was prepared by titra¬ 
tion against test silver dissolved in nitric acid, using ferric alum as an 
indicator. 

Potassium chromate stock solution 

A 0.05 molar potassium chromate solution was prepared by treatment with 
sulfuric acid and potassium iodide and titration of the liberated iodine with 
standard sodium thiosulfate solution. 

Chromic acid stock solution 

A 0.05 molar chromic acid solution was made by dissolving chromium 
trioxide in water and titrating against sodium hydroxide with phenol- 
phthalein as indicator. 

Potassium phosphate stock solution 

A 0.05 molar potassium phosphate solution was made according to the 
gravimetric method given in Griffin, Technical Methods of Analysis, page 
764. 

Phosphoric acid stock solution 

The phosphoric acid solution w r as 0.05 molar and was standardized 
against sodium hydroxide using methyl orange and phenolphthalein as 
primary and secondary indicators. 
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Potassium oxalate stock solution 

The 0.05 molar solution of potassium oxalate was prepared by standard¬ 
ization against potassium permanganate in acid solution. 

Silver nitrate stock solution 

The 0.2 normal solution of silver nitrate used was prepared by titration 
against standard potassium thiocyanate solution, using ferric alum as an 
indicator. 


Lead nitrate stock solution 

A 0.098 normal lead nitrate solution was standardized according to Olsen, 
Quantative Analysis, page 75. 

Cupric nitrate stock solution 

A 0.02 normal copper nitrate solution was prepared by standardization 
in the electrolytic deposition of the copper. 

The watch glasses 

The watch glasses used were matched in sets, each watch glass in a set 
having approximately the same diameter, curvature, and thickness. It is 
important in the activity measurements that the radioactive material be 
always in a thin layer of a salt deposited uniformly on these watch glasses 
and that this layer be always the same distance from the aluminum window 
of the electroscope. A varying distance from the aluminum window of the 
electroscope causes errors not only because of the different absorption in the 
air layer but also because of the scattering effect of the beta particles. A 
thin, even deposit of active salt is essential for duplication of measurements. 
This meant that the evaporation of the samples on the watch glasses had 
to be controlled. More soluble salts precipitated out more readily than less 
soluble salts. The evaporation was carried out on a water bath heated 
by controlled electrical heaters. The water bath was level. The watch 
glasses containing the active solutions were leveled and a regulated volume 
of air was blown over the surfaces by an electric fan. Special attention 
was given here to a series of evaporations so that the control experiment as 
well as the rest of those in the series had the same treatment in the evapora- 
tion procedure. 

The bottles 

The bottles used for shaking were about 40 cc. in volume and fitted the 
centrifuge cups so that no transfer of solution was necessary. 

The pipettes used were either standardized by the Bureau of Standards 
or standardized by weighing their content of water. 



II. ADSORPTION OF THORIUM B BY THALLIUM HALIDE 


857 


The cleaning of glassware 

All glassware in the work was allowed to stand for one hundred hours or 
more after using so that there was very slight residual activity. The glass¬ 
ware was then allowed to stand in concentrated chromic acid and sulfuric 
acid to remove traces of impurities and grease. It was then rinsed with 
distilled water and the special water of low conductivity. Grease on the 
watch glasses caused the solutions to evaporate unevenly, giving activities 
which could not be reproduced. The bottles were steamed out between 
measurements. 


The electroscope 

The electroscope used was described in the work of King and Romer (1). 
It was calibrated and adjusted so that different parts of the scale were equal, 
but for most of the work the same part of the scale was used so as to elim¬ 
inate errors due to change in calibration. The procedure of King and 
Romer (1) was employed in all the activity measurements. 

METHOD OF PROCEDURE 

The carefully dried powder was weighed out into each bottle. Different 
volumes of water and of the solutions of the ions being studied were added, 
making the totah volume of solution 25 cc. To this was added 5 cc. of a 
nitric acid solution of thorium B. The amount of nitric acid in the thorium 
B solution was such that the total volume of 30 cc. was always 0.006 normal 
in nitric acid. The bottles were then closed with glass stoppers, placed in a 
shaking machine, and shaken for one hour. The bottles were next placed in 
the centrifuge and centrifuged for 15 minutes at 1500 r.p.m. Without 
disturbing the precipitate, a dry 5-cc. pipette was rinsed out with the clear 
solution. Then two 5-cc. portions of the solution were pipetted out on 
watch glasses and dried by evaporation in a stream of air. The dried pre¬ 
cipitate on the watch glass was then allowed to stand for eight hours or until 
radioactive equilibrium had been reached. For each series of solutions a 
measurement was made on a “control.” Bottles containing 30 cc. of the 
solution as made up above without the powder were handled identically 
and the activity of 5-cc. portions measured. All activities weie calculated 
to To for comparison. 


EXPERIMENTAL RESULTS 

1. The effect of bromide ion on the adsorption of thorium B by thallium 

bromide 

Five-tenths of a gram of thallium bromide, prepared by the first method, 
were used as adsorbent. Two series were run. All measurements in series 
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I were calculated to 7V and those of series II to 2 o • 1 he results are given 

in table 1 and the data is plotted in figure 2. 

& The effect of centrifuging 

A series of experiments was carried out to determine if there was any 
effect introduced into the work by the centrifuging step in the procedure. 

TABLE 1 


The effect of bromide ion on the adsorption of thorium B by thallium bromide 


THALLIUM BROMIDE 

| POTASSIUM BROMIDE j 

1 

ACTIVITY (OURECTED TO 

ADSORPTION 



To 



Series I. 3 millimoles of nitric acid per liter 


gram 

millimoUs per liter 

Hcale duvnon* per minute 

per cent 

0 

0 

44 8 


0 5 

0 

26 6 

40 7 

0 5 

1 66 

25 5 

43 1 

0 5 

3 33 

24 7 

44 9 

0 5 

5 0 

24 4 

45 6 

0 5 

6 6 

23 9 

46 7 

0 5 

8 33 

23 6 

48 

0 5 

10 0 

22 6 

49 6 

Series II. Same concentration of nitric acid 

0 

0 

40 3 


0 5 

0 

23 9 

40 7 

0 5 

1 66 

23 1 

42 7 

0.5 

3 33 

22 3 

44 7 

0 5 

5 0 

22 0 

45 5 

0 5 

6 66 

21 6 

46 4 

0 5 

8 33 

21 3 

47.2 

0 5 

10 0 

20 9 

48.42 


Watch glass No. 1 of the second series when calculated to the same To as watch 
glass No. 1 of the first series gave an activity of 44.6. The natural fall of the electro¬ 
scope during these measurements was 0.7 scale division per minute, which has been 
taken into consideration in the “Corrected Activity.” 

Three-tenths of a gram of thallium iodide with 6.6 millimoles of potassium 
bromide per liter were used. All experiments were run in triplicate. The 
first set was run for 15 minutes at 1500 r.p.m. and there was found to be a 
30.1 per cent adsorption. The second set was run for 30 minutes at 2500 
r.p.m. and there was found to be an adsorption of 31.2 per cent. 

3. The effect of hydrogen-ion concentration on the adsorption of thorium B by 

thallium iodide 

The results of this study are given in table 2 and plotted in the curve 
given in figure 3. The results seem to indicate that an acid concentration 
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Fig. 2. Adsorption of Thorium B on Thallium Bromide in the Presence of 

Excess Bromide Ions 


TABLE 2 

Effect of hydrogen-ion concentration on the adsorption of thorium B by thallium 

iodide 


0.3 g. of thallium iodide used in all measurements. Each measurement was 
made in duplicate and the average for the two measurements is given. 


NITRIC ACID 

CORRECTED ACTIVITY 

ADSORPTION 

millimoles per liter 

1 6* 

scale divisions per minute 

62 4 

per cent 

1 6 

31 6 

49.4 

2 0 

32 1 

48.6 

2.33 

33 4 

46.5 

2 66 

33 4 

46.5 

3 00 

34 2 

45.2 

3.33 

34 5 

44.8 

3.66 

35.2 

43.6 

6.0 

35 3 

41.1 

7.0 

35.5 

40.8 

8.0 

36 4 

39.3 

9.0 

36 2 

39.6 

10 0 

36 3 

39.4 


Control; no thallium iodide. 
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of 6 millimoles per liter is sufficient to eliminate the main part of the effects 
due to adsorption on the glass walls or due to the formation of the colloidal 
particles of the thorium B. 

The effect of excess iodide ion and excess thallium ion on the adsorption of 
thorium B by thallium iodide 

In this series of experiments 0.3 gram of thallium iodide was used and the 
nitric acid concentration of the solutions was 6 millimoles per liter. The 



Fig. 3. Adsorption op Thorium B on Thallium Iodide with Changing 
Hydrogen-ion Concentration 

results are given in table 3 and the data is plotted in the curve given in 
figure 4. 

/). Effect of an increase of the surface of the adsorbent on the amount of thorium 

B adsorbed 

In a duplicate series of runs 0.5 g. of thallium iodide in the presence of 
varying concentrations of excess potassium iodide was used. This data 
obtained is compared in curve I of figure 5 with that obtained in table 4 as 
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given in curve II. It is to be realized that where the activity of a solution 
is removed to such an extent by the adsorbent as was the case in the great- 


TABLE 3 

Effect of excess iodide ion and excess thallium ion 
Concentration of nitric acid = 6 millimoles per liter 
Adsorbent = 0 3 g of thallium iodide 


POTASSIUM IODIDE 

CORRECTED ACTIVITY 

ADSORP1 ION 

millimoles per liter 

scali divisions pei minute 

pir rent 

0* 

58 5 


0 

39 4 

32 7 

0 55 

19 7 

66 4 

1 1 

10 2 

82 6 

1 66 

7 1 

87 9 

3 33 

3 9 

92 2 

8 3 

1 4 

97 6 

THALLIUM NITRATE 

CORRECTED ACTIVITY 

VDSOKPIION 

millimolcs per liter 

8enh dunums p«r minute 

per cent 

0* 

45 


0 66 

37 5 

16 6 

1 34 

40 1 

10 9 

2 00 

41 4 

8 0 

2 66 

42 2 

6 3 


* Control; no thallium iodide 


TABLE 4 

Effect of excess bromide ion 


Concentration of nitric acid = 6 millimoles per liter 
Adsorbent = 0 3 g of thallium iodide 


POTASSIUM BROMIDE 

CORREC 1 ED ACTIVITY 

ADSORPTION 

millimoles per liter 

scale divisions per minute 

per cent 

0* 

53 1 


0* 

53 0 


0 833 

34 9 

34 3 

0 833 

34 5 

35 1 

1 66 

34 9 

34 3 

3 33 

35 0 

34 1 

3 33 

34 4 

35 2 

5 00 

34 4 

35 2 


* No thallium iodide. 


est adsorption with 0.5 g. of thallium iodide the measurements on the 
residual activity of the solutions are of no great accuracy. The last 
point of curve I represents a measured activity (corrected) of 1.5 scale 
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divisions per minute when the natural fall of the electroscope was 0.8 scale 
divisions per minute. In all the work in this paper, at least two samples of 
each solution were taken for analysis. Therefore to obtain the figure for an 



Fig. 4 Adsorption of Thorium B on Thallium Iodide with Excess Thallium 

Ions and Iodide Ions 

TABLE 5 

Effect of chloride ion on the adsorption 


Concentration of nitric acid = 6 millimoles per liter 
Adsorbent = 0 3 g. of thallium iodide 


POTASSIUM CHLOHIDK 

CORRECTED ACTIVITY 

ADSORPTION 

mxllimolea per liter 

0* 

scale divisions per minute 

49 9 

per cent 

0 833 

34 G 

30 7 

0 833 

34 5 

30 9 

1 66 

34 8 

30 4 

1 66 

35 0 

29 8 

3 33 

35 4 

29 1 

3 33 

35 5 

28 9 

5 0 

35 7 

28 5 

5 0 

36 0 

27 9 


* Control; no thallium iodide. 
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average adsorption of 97.8 per cent (the last point on the curve), four 
measurements were made on two different solutions with two different 
samples of 0.5 g. of thallium iodide. 



Fig. 5. Adsorption of Thorium B on Thallium Iodide in the Presence of 

Various Anions 

6. Effect of bromide ion on the adsorption 

Using a thallium iodide crystal powder which had an adsorption of 
33.8 per cent, excess bromide ion was added. The results of this experi¬ 
ment are given in table 4 and plotted in figure 5. 
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7. Effect of chloride ion on the adsorption 

In table 5 are given the results using chloride ion in place of bromide ion. 
The “neutral powder” used had an adsorption of 33.8 per cent. The data 
are plotted in the curve in figure 5. 


TABLE 6 

Effect of thiocyanate ions on the adsorption 
Concentration of nitric acid = 6 millimoles per liter 
Adsorbent = 0.3 g. of thallium iodide 


POTASSIUM THIOCYANATE 

CORRECTED ACTIVITY 

ADSORPTIOl 

millimoles per liter 

0* 

0* 

scale divisions per minute 

70 9 

70 9 

per <ent 

0 833 

51 9 

26 8 

0 833 

49 4 

30 3f 

1 66 

53 1 

25 0 

1 66 

50 0 

29 4f 

3 33 

52 3 

26 2 

3 33 

52 3 

26 2 

5 00 

51 5 

27 3 

6 00 

51 6 

27 4 


* Control; no thallium iodide 

t These results were discarded because of difficulties encountered in the evapora¬ 
tion of the active solutions on the watch glasses Owing to some cause the residue 
salts were unevenly distributed over the watch glasses 


TABLE 7 

Effect of chromate ions from potassium chromate on the adsorption 


Concentration of nitric acid = 6 millimoles per liter 
Adsorbent = 0.3 g. of thallium iodide 


POTASSIUM CHROMATE 

pH OP SOLUTION 

CORRECTED ACTIVITY 

ADSORPTION 

millimoles per liter 


scale divisions per 
minute 

per cent 

0* 

2 04 

36 0 


0 83 

2 31 

23 0 

36 2 

0 83 

2 31 

22 1 

38 6 37 4 

1 67 

3 80 

13 1 

63 6 

1 67 

3 80 

15 9 

55 9 59 9 

3 33 

5 23 

4 3 

88 0 

3 33 

5 23 

3 3 

90 8 89 4 

5 0 

— 

2 2 

93 9 

5 0 

— 

1 8 

95 0 94 5 


Control; no thallium iodide. 
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8. Effect of thiocyanate ion on the adsorption 

The results of the measurements made using excess of thiocyanate ion 
are given in table 6 and plotted in figure 5. The crystal powder used in 
this series of measurements had an adsorption of 24.2 per cent. 



Fig. 6. Adsorption of Thorium B on Thallium Iodide in the Presence of 

Various Ions 
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9. Effect of chromate ions on the adsorption 

The same experiments were carried out using excess chromate ions. In 
the first series of measurements, potassium chromate was used as a source of 
Cr0 4 ”“ ions. Since this introduced the complication of the hydrolysis of 
the potassium chromate with the resulting neutralization of the 6 millimoles 



Fig. 7. Adsorption of Thorium B on Thallium Iodide in the Presence of 
Excess of Various Cations 

TABLE 8 

Effect of chromate ions from chromic acid on the adsorption 


Enough nitric acid was added to bring the H + ion concentration up to that recorded 

in the pH column * 

Adsorbent = 0 3 g of thallium iodide 


CHROMIC ACID 

pH 

CORRFCTKD ACTIVITY 

adsorption 

millimoles per liter 


8cah diiitum s per minute 

ptr mit 

0* 


67 4 


0* 


67 6 


0 

2 6 

54 5 

19 4 

0 

2 6 

55 4 

19 3 

0 833 

2 6 

38 2 

43 5 

1 66 

2 6 

20 4 

69 9 

1 66 

2 6 

20 0 

70 5 

2 5 

2 7 

8 7 

87 2 

2 5 

2 7 

8 1 

88 1 

3 33 

2 7 

3 3 

95 2 

3 33 

2 7 

3 3 

95 2 


Control; no thallium iodide. 
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per liter of nitric acid which was necessary in the solution to obtain repro¬ 
ducible results, another series of experiments was run using chromic acid 
as a source of chromate ions. An attempt was made to reduce the amount 

TABLE 9 

Effect of phosphate ions from potassium phosphate on the adsorption 


Concentration of nitric acid *= 6 millimoles per liter 
Adsorbent = 0 3 g of thallium iodide w hich had an adsorption of 24 2 per cent 


POTASSIUM PHOSPHVTF 

pH 

CORRECTED UTIVIO 

ADSORPTION 

millimoles per liter 

0* 

2 04 

scale divisions per minute 

30 1 

per cent 

0 83 

2 24 

22 6 

25 0 

1 67 

2 38 

22 8 

24 3 

1 67 

2 38 

22 b 

25 0 

3 33 

5 39 

19 3 

36 0 

3 33 

5 39 

19 6 

35 0 

5 0 

7 10 

6 5 

78 4 

5 0 

7 10 

7 0 

76 8 

8 0 


3 0 

94 0 


* Control, no thallium iodide 


TABLE 10 

Effect of phosphate ions Jrorn phosphoi it ae id on the adsorption 
Enough nitric acid was used to make the total II + ion concentration equal to that 
indicated in the column of pH measurements 
Adsorbent = 03 g of thallium iodide 


PHOSPHORU Ki ID 

millimoles per liter 

0* 

0* 

pH 

COKKFlTFD KC IvIT\ 

<uah duisims pir minute 

67 4 

67 b 

ADHOR1 TION 

per cent 

0 83 

2 29 

54 2 

19 9 

1 67 

2 36 

53 7 

20 6 

1 67 

2 36 

.54 5 

19 4 

5 0 

2 28 

53 0 

21 6 

5 0 

2 28 

52 8 

21 9 

8 0 

2 29 

52 0 

23 1 

8 0 

2 29 

52 5 

22 4 

16 7 

2 22 

45 9 

32 2 

16 7 

2 22 

47 3 

30 4 

16 7f 

- 

65 4 

3 0 

16 7t 


b5 0 

3 6 


* Control; no thallium iodide 
t No thallium iodide 

From the last two measurements there is an average “holding back” effect, due 
to the phosphoric acid, of some 3 3 per cent. This would make the corrected ad¬ 
sorption for the 10th and 11th measurements 28 0 per cent 
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of nitric acid in the solution as the amount of chromic acid increased in 
order to keep the hydrogen-ion concentration constant. pH measure¬ 
ments were made on the solutions after the adsorption equilibrium had been 
reached, using the quinhydrone electrode. In the case of chromic acid it 

TABLE 11 

Effect of oxalate ions on the adsorption 


Concentration of nitric acid = 6 millimoles per liter 
Adsorbent = 0 3 g. of thallium iodide which had an adsorption of 24 2 per cent 


POTASSIUM OXAIATE 

pH 

CORRECTED ACTIVITY 

AD80RPTI0N 

millimoles per liter 

0* 

2 04 

scale divisions per minute 

32 9 

per cent 

0 83 

2 13 

25 4 

22 8 

0 83 

2 13 

25 8 

21 6 

1 67 

2 16 

26 2 

20 3 

1 67 

2 16 

26 3 

20 3 

5 0 

2 46 

28 7 

12 8 

5 0 

2 46 

28 2 

14 2 


‘ Control; no thallium iodide 


TABLE 12 

Effect of silver ions on the adsorption 
Concentration of nitric acid = 6 millimoles per liter 
Adsorbent = 0.3 g. of thallium iodide with an adsorption of 33 8 per cent 


SILVER NITRATE 

CORRECTED ACTIVITY 

ADSORPTION 

millimoles per liter 

0* 

scale divisions per minute 

76 3 

per cent 

0 66 

64 1 

16 0 

0 66 

63 1 

17 3 

1 34 

67 0 

12 2* 

1 34 

67 7 

11 3 

2 00 

69 2 

9 3 

2 00 

68 0 

10 9 

2 66 

69 5 

8 9 

2 66 

70 3 

7 9 


* Control; no thallium iodide. 


was difficult to obtain consistent results with this electrode because of the 
oxidizing action of the chromic acid. However, by using the voltage re¬ 
corded at the beginning, fairly consistent results were obtained, which 
indicated that the acid concentration was sufficiently constant. The re¬ 
sults are given in tables 7 and 8 and the data is plotted in the curves in 
figure 6. 
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10. Effect of 'phosphate ion on the adsorption 

Because of the hydrolysis of the potassium phosphate used, with the 
resultant neutralization of the nitric acid in the solution, a second scries 
was run using phosphoric acid as the source of the PO4 ion. In tables 

TABLE 13 

Effect of cupric ions on the adsorption 
Concentration of nitric acid = 6 millimoles per liter 
Adsorbent = 0 3 g of thallium iodide with an adsorption of 24 2 per cent 


fUPRIC NITRATE 

CORHEt TED A( T IN Ill 

APBORPTION 

millimoles per liter 

sm 1 * dnrnoni per minute 

per cent 

0* 

73 9 


0 67 

59 5 

19 4 

0 67 

5S 5 

20 8 

1 33 

60 4 

18 5 

2 0 

01 6 

16 6 

2 67 

62 7 

15 2 

2 67 

61 6 

16 6 


+ Control; no thallium iodide 

T\BLE 14 

* Effut of had ton* on the athoi phon 
Concentration of nitric at id — 6 millimoles per htci 
Adsorbent = 0 3 r of thallium iodide with an adsorption of 33 8 pci cent 

T FAD NI1 HATE I ( ORHFf TED A t 111 in 

millimoles X 10 3 tiln sr lit duiHwni per mi nut* 

()* 46 2 

0 163 31 0 

0 163 31 2 

1 63 32 1 

16 3 40 8 

16 3 41 8 

32 6 42 3 

32 6 J 43 0 

* Control; no thallium iodide. 

9 and 10 are given the results of the experiments with excess phosphate ions 
and the pH measurements of the solutions. The results arc plotted in 

figure 6. 

11. Effect of the oxalate ion on the adsorption 

In table 11 are given the results of the experiments in which an excess of 
oxalate ion was used. These results are plotted in the curve in figure 6. 


\r»ftOKmoN 

fur <• nt 

32 0 
32 5 
30 6 
11 7 
10 7 
8 5 
7 0 
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12. Effect of silver ion on the adsorption 

In table 12 are given the results of the measurements of the adsorption in 
the presence of excess of silver ions. The results are plotted in the curve 
in figure 7. 

13. The effect of cupric ions on the adsorption 

In table 13 are given the results of the experiments carried out on the 
adsorption in the presence of excess cupric ions. These results are shown 
graphically in the curve in figure 7. 

1^. The effect of the lead ions on the adsorption 

In table 14 are given the results of the measurements in which the adsorp¬ 
tion was allowed to take place in the presence of small concentrations of 
lead ions. 

DISCUSSION OF RESULTS 

1. It is to be noted that in no case have we been able to prepare a “neu¬ 
tral powder” which had no adsorption for thorium B ions (5). In all the 
experiments the concentration of the thorium B was kept constant as de¬ 
scribed on page 854 because work of King and Greene (6) will show that there 
is a slight difference in the amount of activity adsorbed from solutions of 
varying activity. In experiment 1 with thallium bromide as the adsorbent, 
as much as 10 millimoles per liter of potassium bromide caused an increase 
in the adsorption of only some 8 per cent. We found that with this amount 
of excess potassium bromide there was no measurable “holding back” effect. 
This small increase in adsorption can be explained by the relatively high 
solubility of the thallium bromide, 1.7 millimoles per liter. 

2. Experiment 2 shows that centrifuging the samples at 1500 r.p.m. 
for i hour is sufficient to remove any fine particles of powder fronr the solu¬ 
tion which might have adsorbed thorium B ions and caused an apparent 
larger activity of the supernatant solution used for analysis. 

3. Experiment 3 is concerned with one of the most interesting phases 
of the whole problem, namely, the question of the physical condition of 
the radioactive material in the solution, which has been discussed in the 
paper by King and Romer (1). In addition to the possibilities of “pseudo 
colloids,” “radiocolloids,” hydrolyzed particles of thorium B and thorium 
C and the charge on the walls of the glass vessels, all of which are affected by 
the amount of hydrogen ion, there is also the possibility of the competition 
of hydrogen ion with thorium B ions for a place on the surface of the 
crystals. This was brought out in the paper of Fajans and Erdey-Grdz 
who found that there was a large decrease in the amount of thorium B 
adsorbed on several silver salts when the acid concentration of the acid in 
the solution increased from 0.004 normal to 0.05 normal. 
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4. Experiment 4 shows the effect of increasing the minus charge on the 
thallium iodide crystals by the addition of iodide ions and that of decreas¬ 
ing the minus charge by the addition of thallium ions. The adsorption 
phenomenon is continuous, as shown by the curve in figure 4. With an 
excess of 2.7 millimoles of thallium nitrate per liter, there is still an adsorp¬ 
tion of some 6 per cent. This does not necessarily mean that the thallium 
iodide crystals are still negatively charged. Lange and Crane (2) found 
silver iodide crystals neutral at a silver ion concentration of 1 X 10 -6 . 
Fajans has shown by electroendosmosis experiments that thorium B ions 
can be adsorbed on silver salt particles which are positively charged. 

5. In experiment 5 no direct determination was made of the magnitude 
of the surface of the thallium halide crystals used. From repeated tests 
the surface per gram remained constant for the purposes of our experiments. 
The same preparation of thallium halide salt was used for each series of 
measurements. Experiment 5 shows the increase in the adsorption caused 
by an increase in surface of that of 0.3 g. to that of 0.5 g. J. Walker esti¬ 
mated the surface of his silver bromide by microscopic method to be 2 X 10 s 
sq. cm. per gram. 

6. Experiments 6, 7, and 8. From observation of figure 8 it can be seen 
that the effect of the anions on the adsorption is in the order 

> I->CNS->Br~>Cl- 

It is to be noted that not all measurements were made on the same sample 
of powder. 

The differences in the amounts of adsorption of thorium B by two differ¬ 
ent preparations of “neutral powder” can be attributed to the differences 
in the surface per gram of the different powders and also the difference in 
the numbers of points on the crystals to which are attached halide ion 
(i.e., the charge on the particles). The change in the adsorption due to the 
addition of an electrolyte represents the ability of the electrolyte to increase 
the charge on the crystal, that is, to add a further excess of anions to the 
crystal. Therefore we are able to compare the effect of two different anions 
on two different preparations of powders. For instance, 3.3 millimoles 
per liter of excess potassium bromide on one powder caused an increase 
in the adsorption of thorium B of 0.9 per cent, while the same amount 
of excess potassium thiocyanate on another preparation caused an increase 
in the adsorption of 2 per cent. 

If results obtained using an excess of the salt of 3.3 millimoles per liter 
are taken for comparison, we find for 

1“ an increase of 58 per cent in adsorption 
CNS" an increase of 2 per cent in adsorption 
Br“ an increase of 0.9 per cent in adsorption 
Cl“ a decrease of 5 per cent in adsorption 
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Fajans found this same order for the ions in his study of the displacement 
of erythrosinate ion from the surface of silver iodide. From the solubility 
table given on page 873 it is seen that thallium thiocyanate is more soluble 
than thallium bromide. In other words, the thiocyanate ion is out of order 
on a strict solubility consideration because thiocyanate ions are better 
adsorbed than are bromide ions. Fajans showed the same to be true in the 
case of the adsorption of thorium C on silver sulfide. The adsorption rule 
which states that adsorbability is related to insolubility is to be applied to 
similar or analogous ions. The order of adsorbability and insolubility 
holds good for the halide ions. In the case of the large organic dye ions— 
eosinate and erythrosinate—the rule also holds. Silver eosinate has a 
solubility of 5 X 10~ 6 moles per liter, while silver erythrosinate has a solu¬ 
bility of 1.1 X 10 -6 ; that is, silver eosinate is about fifty times as solubleas 
silver erythrosinate. On 1 g. of silver bromide in a solution 2 X 10~ 6 molar 
in erythrosinate ion, 15 per cent of the erythrosinate ions were adsorbed, 
but when 1 g. of silver bromide was brought to equilibrium in a solution of 
eosinate ion five times more concentrated only 5 per cent of the eosinate ions 
were adsorbed. When halide ions are compared with large organic dye 
ions, another determining factor enters. The halide ions were used to re¬ 
place adsorbed erythrosinate ions from the surface of silver halides. It 
was shown that even though silver erythrosinate was more soluble than the 
silver halides, the erythrosinate ion was much more adsorbed. Therefore, 
in addition to the simple electrostatic attraction which exists between a 
large ion and the crystal surface, another factor due to the non-polar forces 
or semipolar forces (deformation effect) becomes significant. For this 
reason it can be expected that the large dissimilar thiocyanate ion is more 
readily adsorbed than the bromide ion even though thallium bromide is 
more insoluble than thallium thiocyanate. 

7. An effect in experiments 7 and 11 (shown in the curves in figures 5 and 
6) is to be noted. Here an excess of potassium chloride and potassium 
oxalate decreases the amount of adsorption. Addition of 5 millimoles of 
potassium chloride per liter causes some 6 per cent decrease, and addition 
of the same amount of potassium oxalate causes a decrease of some 11 
per cent. Thallium chloride is soluble to the extent of 13 millimoles per 
liter, and thallium oxalate to the extent of 53 millimoles per liter. This 
high solubility should be accompanied by a slight tendency for chloride 
ion and oxalate ion to be adsorbed. Since all ions possess some tendency to 
become attached to the surface of a crystal lattice, we have here in this 
case an opportunity for potassium ions to be adsorbed along with thorium 
B ions (or potassium ions to decrease the charge on the crystal and thereby 
decrease the amount of thorium B adsorbed). In other words, a large con¬ 
centration of potassium ions may replace from the surface some thorium B 
ions as did the hydrogen ions as discussed above. When Fajans used 
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potassium chloride to replace the erythrosinate ions from the surface of sil¬ 
ver iodide, he found an increase of adsorption rather than a decrease. Fur¬ 
ther work on the adsorption of the alkali ions and the alkaline earth ions is 
to be reported in a subsequent paper. 

8. Experiments 9 and 10 deal with work on adsorption in the presence 
of an excess of a hydrolyzable electrolyte. In curve III in figure 6 the ap¬ 
parent adsorption is mainly due to the neutralization of the nitric acid by 
the potassium hydroxide formed in the hydrolysis and the subsequent 
adsorption of a kind discussed in paragraph 3 (p. 870). In curve IV of the 
same figure the adsorption is due to the addition of an ion which does not 
form a very insoluble compound. In figure 6 where hydrolysis takes place 
and also the anion forms an insoluble compound, curve I shows the increas- 


TABLE 15 


ION 

PER CENT 1NCREASF IN ADSORPTION 

SOI UBII ITT 



millimoles per liter 

I" 

58 

0 18 

*Crt) 4 - 

51 

0 57 

CN8- 

2 

12 0 

Br 

1 9 

1 7 

*P() 4 - 

0 0 

7 0 

ci- 

-5 0 

13 0 

*ao 4 --* 

-4 ()-|- but decreasing 
more rapidly 
than Cl" 

53 0 


+ Milliequivalents per liter 

ing of the charge on the particles by the chromate ions and curve II shows 
an increasing of the charge and a neutralization of the acid. 

9. In table 15 the ions are listed in the order of their adsorbability on 
thallium iodide; also the per cent increase in the adsorption for 3.3 millimoles 
per liter of the electrolyte and the solubilities of the thallium salts are given. 
The order of adsorbability runs parallel with that of insolubility if the ex¬ 
ception discussed above is made for thiocyanate ion. 

10. In experiments 12,13, and 14 it is shown that a cation which forms an 
insoluble salt with the anion of the crystal is adsorbed and will replace 
thorium B ions from the surface. In figure 7 are plotted the results for 
copper, silver, and thallium ions. Because copper iodide is more soluble 
than silver iodide, the copper ions do not replace thorium B as well as silver 
ions do. Silver iodide is less soluble than thallium iodide, but thallium ions 
are better adsorbed than silver ions, because in this case the thallium ions 
fit better into the crystal lattice than do silver ions. Lead ions and thorium 
B ions are equally well adsorbed by the crystals. 
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SUMMARY 

1 A report has been given of a series of experiments carried out to deter¬ 
mine the effect of various anions and cations on the adsorption of thorium 
B ions on thallium bromide and thallium iodide crystals 

2 The purest thallium bromide and thallium iodide which could be 
prepared showed a negative charge and adsorbed thorium B ions 

3 The adsorption rule which postulates that the insolubility of the salt 
formed by the ion being adsorbed with the oppositely charged ion of the 
crystal determines the adsorbabihty of the ion has been verified for I”, 
Cr0 4 “ , CNS , Br~, P0 4 “ ”, Cl”, C 2 0 4 ions on thallium iodide crystals 

4 The ionic deformation theory has been used to explain the relative ad- 
sorbability of the halide ions and the thiocyanate ion 

5 The question of the effect of hydrogen ion on the adsorption of tho¬ 
rium B on thallium iodide has been discussed 

6 Results have been reported on the measurements made of the effect of 
Ag+, Cu ++ , Tl + , and Pb ++ on the adsorption of thorium B on thallium 
iodide crystals 
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THE ABSORPTION SPECTRA OF A SERIES OF ORGANIC 
MOLECULAR COMPOUNDS' 

W. H. HUNTER and E. H. NORTHEY 1 2 
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Received February 193S 

Pfeiffer (1) and others have investigated the colored molecular com¬ 
pounds resulting from quinones with aromatic hydrocarbons, ethers, or 
amines. Pfeiffer has classified these compounds with the quinhydrones 
and has shown that a series extends from the intensely colored quinhydrones 
existing as crystalline compounds, through colored complexes difficult to 
crystallize, to complexes impossible to crystallize and identified largely by 
a slight color change on mixing the liquid components. These latter 
“molecular compounds” are tied by forces which are weak in comparison 
with the intermolecular forces in the crystals of the components, for, on 
cooling, the components of the mixture crystallize out separately. Foreign 
solvents tend to 'dissociate the compounds and as a result Beer’s law does 
not hold. 

We undertook a spectroscopic study of the more weakly tied compounds 
of this type in the hope of extending the series of molecular compounds to 
loosely tied complexes which had escaped detection because the color change 
occurred in the ultra-violet or was too slight to be seen with the eye. There 
was also the possibility that the “solvent effect” of absorption spectroscopy 
could be linked with these color changes. Foremost, however, there was 
the hope that a correlation between color and oxidation-reduction potentials 
might be established. 


KESl LTS 

We have carried out quantitative light absorption measurements on the 
five quinones—chloroquinone, benzoquinone, toluquinpne, Ayloquinone, 
and duroquinone—in a melted state and in the absence of any solvent. 
The resulting curves are compared with the light absorption of equimolecular 
mixtures of these quinones with various aromatic ethers, hydrocarbons, and 

1 This article is based upon the thesis of E. H. Northey submitted to the Graduate 
School of the University of Minnesota in partial fulfillment of the requirements for 
the degree of Doctor of Philosophy July, 1930. The manuscript was prepared by 
the junior author after the death of Dr. Hunter in 1931. L I. Smith. 

2 du Pont Fellow in Chemistry, 1929-1930. 
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amines. Thirty-three such combinations were investigated. No third 
component was used as solvent because of the probable dissociation it would 
involve; instead a thin layer of the liquid mixture was employed, necessitat¬ 
ing the use of special absorption cells and technique. However, it is con¬ 
venient to refer to the nonquinoid component of the equimolecular mixture 
as “solvent.” This will be done in the subsequent discussion. 

Practical considerations limited our choice of components. Melting 
points and vapor pressures of the pair had to be nearly equal, otherwise 
changes in composition occurred during measurement. Thus di-, tri- and 
tetra-chloroquinones were eliminated on account of their high melting points, 
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Fig. 1. Chloroquinone 


and benzene, toluene, and hexamethylbenzene were eliminated on account 
of their high vapor pressures. 

The results as shown in figures 1 to 7 are expressed in terms of the extinc¬ 
tion coefficient as defined by the Bunsen-Roscoe law: 


K 



where d is the thickness of absorbing layer in centimeters. These curves 
compare the absorption of a quinone with the absorption of its molecular 
compounds with various “solvents,” assuming complete combination. 
Actually an equilibrium mixture was undoubtedly present and account 
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Fig. 2. Chloroquinone 



Fia. 3. Quinone 


should be taken of the absorption of uncombined quinone, 3 but since the 
dissociation constants were lacking, no correction could be made. However, 

* The solvents are nearly transparent in the region studied and their slight absorp¬ 
tion was corrected for during measurement. 
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"X*x* TOLU QUIN ONE 


' DIMETHYL ANILINE 


HYDROQUINONE 


w dimethyl ether 
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Fig. 4. Toluquinone 
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X 5500 5000 4500 4000 1500 >000 » I o' 8 cm 

yMOIA tooo lilt 1100 1051 1555 » tO cm' 1 

M 1494 0000 Ull 1S00 lilt 4445 x to 1 ' m* 1 

Fig. 5. Toluquinone 

it was of considerable interest to replot the data on the assumption of no 
compound formation, i.e., it was assumed that the only effect of the “sol¬ 
vent” was simple dilution, and by calculating back to the absorption of 
quinone with solvent removed, curves were obtained which show the “sol- 
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Fig. 6. Xyloquinonk 
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Let K = the measured extinction coefficient of a quinone m solution, and 
K r = the extinction coefficient with solvent removed. K' will differ from 
K only in the thickness of the absorbing layer if the solvent is transparent 
and otherwise inert. The relationship is: 



or 


log K f - log K + C 


where 


c - log 1 + r —- 

L 


TABLE 1 

Va/ues of C for cqmmolecular mixtures of quinone and “ solvent” 



CHLORO¬ 

QUINONE 

QUINONE 

TOLU¬ 

QUINONE 

DURO- 

QUINONK 

Dimethylamline. 

0 35 

0 41 

0 33 

0 25 

Hydroquinone dimethyl ether 

0 36 

0 42 

0 34 

0 26 

Resorcinol dimethyl ether 

0 36 

0 42 

0 34 

0 26 

Veratrole 

0 35 

0 41 

0 33 

0 25 

Anisole 

0 31 

0 36 

0 29 

0 22 

p-Xylene. 

0 34 


0 32 


Mesitylene 

0 37 


0 35 


Durene 

0 40 


0 38 


Dibenzyl 

0 38 


0 36 



and M 9 = molecular weight of “solvent," 

M q = molecular weight of quinone, 

S 9 = density of “solvent,” 

S q = density of “quinone/' and 
r = mole ratio of “solvent" to “quinone." 

Hence if log K is replotted as log K' the curve will simply be raised by an 
amount equal to C. 

Densities of “solvent" and quinone must be known slightly above the 
melting point to make use of the formula. Most of the data needed were 
found in the literature, but rough determinations had to be made on the 
quinones. These densities are: for chloroquinone, d 60 ° 1.38; toluquinone, 
d 70 ° 1.07; duroquinone, d 116# 1.02. A value for quinone was found in the 
literature, while insufficient xyloquinone was available for a determination. 

The calculated values of C are given in table 1. 
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DISCUSSION OF RESULTS 

Figure 8 shows the data on duroquinone replotted in terms of log K'. It 
is apparent that there is an effect of “solvent” other than simple dilution, 
since the “solution” curves deviate from that of the pure quinone. In 
the case of anisole this deviation is relatively small and is comparable with 
changes in the absorption spectrum of any substance observed by changing 
from one solvent to another. The increased effect of veratrole is still of the 
order of solvent effects and would be so ascribed in the absence of other 
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data. There can be little doubt, however, that if the solvent effect is met 
with in the case of duroquinone it is the result of the same influences causing 
color changes in the case of chloroquinone. Since Pfeiffer has demonstrated 
that these color changes are a part of molecular compound formation, it 
appears that we have bridged the gap between true molecular compounds 
and one type of solvent effect. 

Comparison of figures 1 to 7 for any one “solvent” shows that the differ¬ 
ence between the “solution” curve and quinone curve increases in the order 
duroquinone, xyloquinone, toluquinone, quinone, chloroquinone. In order 
to put these differences on a numerical basis we have arbitrarily measured 
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the areas between the quinone curve, log if = 1.5, and the “solution” curves. 
The unit of area has no significance and the choice of log K at 1.5 was for 
convenience, as such choice does not affect the order of the results. 

In figure 9 we have plotted these areas against Conant and Fieser's (2) 
values of 7 r a , the reduction potential in volts, of the respective quinones. 
Two generalizations can be drawn from these data: 

I. In a series of quinones the change in the absorption spectrum, brought 
about by a solvent capable of forming molecular compounds, increases with 
increasing oxidation-reduction potential of the quinones. 



Fig. 9 

II. The order in which “solvents” fall with respect to increasing effect on 
the absorption spectrum of a quinone is independent of the quinone studied. 

The significance of these findings with respect to color theories is evident; 
however, additional experimental work along several lines is necessary in 
order to place the results here obtained in their proper relation. Since no 
further work is possible in the near future, the results are published in the 
hope that they may be of use elsewhere. 

EXPERIMENTAL 

Apparatus 

All measurements of light absorption were carried out quantitatively by 
means of a Judd Lewis sector photometer (Hilger H-41) and Hilger E-2 
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spectrograph. The light source was an under-water tungsten spark (3). 
Spectra were photographed on Wratten and Wainwright panchromatic 
plates. Points of equal density on paired spectra were found by use of a 
Moll type A microphotometer especially adapted to the work by adding a 
longer galvanometer scale, a more powerful light source, and an elevating 
lever for rapid shift from one spectrum to the other. Match points were 
marked on the emulsion by a fine scratch and their wave lengths were later 
read off from calibrated wave length scales photographed on the plate. 

Instead of diluting with a solvent to obtain high values of the extinction 
coefficient we had to use extremely thin layers of the melted compounds. 
Absorption cells as shown in figure 10 were therefore constructed. Fused 
quartz plates 2x2 cm. square x 3.5 mm. thick, ground optically flat to a 
tolerance of 0.001 mm. were spaced apart by thin strips of pure gold, 2 mm. 
wide by 2 cm. long, which were laid along two sides and the bottom. The 



Fig. 10 


thickness of the gold varied from 0.075 to 0.005 mm. depending on the range 
of log K required, the thinnest layer permitting a value for log K of 3.5 to 
be measured. All metal parts of the cell were heavily gold plated to resist 


corrosion by the quinones. 

As it was necessary to keep the mixture molten while spectra were being 
taken, a cell heater was constructed to set on the table of the photometer in 
place of the usual cell supports. This was of sheet iron construction inside 
and out, insulated electrically with mica and thermally with magnesia 
Windows of 2-cm. brass tubing provided passage for the two light beams o 
the photometer. The two windows at the end nearest the spectrograph were 
closed on the inside with thin quartz discs to prevent vapors from condensing 
on the collimating lenses of the photometer The other windows were left 
open to prevent the accumulation inside the heater of sufficient vapor to 
affect the results. Heat was applied electrically by resistance wire wound 
around the core and regulated with a lamp bank to give a temperature 
about two degrees above the melting point of the substances studied. 
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Technique 

In the assembly of the absorption cells, the quartz plates were first 
cleaned with extreme care. All subsequent handling was done with 
smooth-jawed brass forceps. After assembly, the cell thickness was made 
uniform by adjusting the seven small screws bearing against the U-shaped 
strip of brass. The cell was viewed by reflected light from a Pyrex 
mercury arc, and adjustment was varied until the interference bands 
which appeared were lined vertically with the cell and as few in number 
as possible. A minute variation in thickness across the cell was of slight 
concern, since in measuring both cell thickness and light absorption an 
average value was obtained; variation from top to bottom caused a grada¬ 
tion in density across the spectrum, however, and was avoided. 4 The 
empty cell after adjusting as above, was held at the slit of a spectrograph 
and illuminated by a powerful continuous light source. 5 The spectrum 
of the empty cell was photographed and adjacent to it the mercury arc 
spectrum. The number of dark interference bands between two lines in 
the mercury arc was counted. The cell thickness was then found using 
the formula: 


n 

2 


1 _ 1 
Xj X2 


where d = thickness of cell, and 

n = the number of dark bands between wave lengths Xi and X 2 . 
Unless the cell was of uniform thickness from top to bottom, the inter¬ 
ference bands were sloped and indistinct. 

Two cells were placed in the heater. One contained the melted com¬ 
pound; the other, containing the “solvent/' served to correct for light 
reflected from the faces of the first cell and for light absorbed by the “sol¬ 
vent." In taking the spectra of pure quinones this second cell was empty, 
the two quartz plates being spaced to avoid interference bands. 

Equimolecular amounts of the quinone and “solvent" were weighed 
into a test tube made of an 18-cm. length of 8-mm. Pyrex tubing. A 20- 
cm. length of 3-mm. tubing drawn to a tip at one end made a sort of elon¬ 
gated medicine dropper for transferring the melted substance from test 
tube to absorption cell. The tip of the dropper was placed at the space 
between the quartz plates. Providing the cell had been properly cleaned, 

4 We are indebted to Professor Valasek of the Physics Department for suggesting 
the method of measuring cell thickness. 

* Hilger E I spectrograph and 500-watt projection bulb. 
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surface tension then filled the cell completely. The cell was always in¬ 
spected to see that no air bubbles remained. 

Preparation and purification of materials 

Dimethylaniline. The commercial product was treated with acetic 
anhydride, carefully fractionated under vacuum, and finally purified by 
three crystallizations from its own mother liquor, 1.5570; given in 
the literature, 1.55873. 

Hydroquinone dimethyl ether . Kahlbaum’s product was twice fraction¬ 
ated in vacuo . Melting point 56°C.; given in the literature, 56°C. 

Resorcinol dimethyl ether. Resorcinol was methylated with dimethyl 
sulfate and the crude product purified by steam distillation, vacuum dis¬ 
tillation, treatment with metallic sodium, and again vacuum distillation. 
Boiling point, 82.5-84°C. at 5 mm.; given in the literature, 216.5-217.7°C. 
at 760 mm. 

Veratrole. Guaiacol was methylated with dimethyl sulfate and the 
product twice vacuum distilled. The fraction boiling at 100-106°C. at 
18 mm. was partially frozen and the crystals separated. This was re¬ 
peated six times, the melting point rising to 22°C.; given in the literature, 
23°C. 

Anisole. Anisole was purified by vacuum distillation. Boiling point, 
65°C. at 20 mm. 8 1.5153; given in the literature, 1.51503. 

p-Xylene. Kahlbaum’s product was used without purification. Melt¬ 
ing point, 12-14°C.; given in the literature, 16°C. 

Mesitylene. Eastman’s product was used without purification. nj> 4 8 
1.5000; given in the literature, 1.4966. 

Dihenzyl . This was made according to the directions of Cannizzaro and 
Rossi (4). The crude product was recrystallized three times from alcohol 
using charcoal. It was then recrystallized twice from purified ether. 
Melting point, 51.5-52.5°C.; given in the literature, 52.5°C. 

Tolane . Stilbene dibromide was treated under a reflux condenser for 
eight hours with a slight excess of saturated alcoholic potassium hydroxide. 
The potassium bromide was filtered off and the liquid returned to the flask 
with addition of a small amount of solid potassium hydroxide for another 
eight hours. The product was poured into ice water; the oil^ layer was 
separated, dried, and distilled in vacuo. The tolane fraction was recrys¬ 
tallized from alcohol four times, twice vacuum distilled, and again crystal¬ 
lized from absolute alcohol. Melting point, 60°C.; given in the literature, 
60°C. 

Chloroquinone. A mixture of 30 g. of chlorohydroquinone, 300 cc. oi 
purified ether, and 200 g. of finely divided lead dioxide was stirred for 10 
minutes, after which the lead dioxide was filtered off and washed well with 
ether. The combined ethereal solutions were evaporated to a volume of 
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200 cc. and crude chloroqumone crystallized out by freezing in a carbon 
dioxide-ether bath. Repeated recrystallizations from absolute ether gave 
a product melting at 57°C. (literature, 57°C.). 

Quino7ie. Crude quinone was purified by several sublimations. Melt¬ 
ing point, 113.5-114.5°C.; given in the literature, 115.7°C. 

Toluquinone. This was prepared from o-toluidine by Nietzki’s method 
(5). It was purified by repeated recrystallization and sublimation. Melt¬ 
ing point, 67-67.5°C.; given in the literature, 69°C. 

p-Xyloquinone. p-Xylidine was oxidized by Nietzki’s method (5). It 
was purified by repeated recrystallization and sublimation. Melting point, 
123-124°C.; given in the literature, 125°C. 

Durene and duroquinone. These substances were obtained in a pure 
state from Professor L. I. Smith, to whom we are very deeply grateful. 
The melting points and boiling points given are uncorrected. Refractive 
indexes were determined with an Abb6 refractometer. All quinones were 
repurified just preceding use. 


SUMMARY 

1. The absorption spectra of chloroquinone, benzoquinone, toluquinone, 
xyloquinone, and duroquinone were measured quantitatively in the ab¬ 
sence of solvent. 

2. A technique is described for obtaining quantitative light absorption 
measurements on thin layers of liquids or melted solids. 

3. The absorptions of equimolecular mixtures of the above quinones with 

aromatic hydrocarbons, ethers, and amines were measured. A variation 
in the effect of these “solvents” on the spectra of the quinones was ob¬ 
served, ranging from very pronounced color changes attributed to molec¬ 
ular compound formation to slight changes of the order of “solvent 
effects.” # 

4. The changes from the absorption spectra of quinones in a pure state 
to the spectra in molecular compound forming “solvents” have been 
correlated with the known oxidation-reduction potentials of the quinones. 

5. Two generalizations have been found: 

I. In a series of quinones the change in the absorption spectrum brought 
about by a “solvent” capable of forming molecular compounds, increases 
with increasing oxidation-reduction potential of the quinones. 

II. The order in which “solvents” fall with respect to increasing effect 
on the absorption spectrum of a quinone is independent of the quinone 
studied. 

We wish to express our thanks to both the Physics Department and the 
Biophysics Department of the University of Minnesota for their valuable 
aid in supplying equipment and suggestions as to its use. 
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introduction 

The present study of the decomposition of nitrogen dioxide in the glow 
discharge was undertaken for the purpose of determining the limiting yields 
as well as the principles underlying the fixation of nitrogen in the electric 
arc. Attention was also given to the mechanism of reaction involved. 

* APPARATUS AND METHOD 

The apparatus and method of procedure were essentially the same as 
those used for the decomposition of nitrous oxide (1). A discharge tube of 
the type illustrated in figure 4 was enclosed in an electric furnace and the 
temperature maintained constant at 170°C., except in the experiment on 
the temperature coefficient. This temperature was chosen so that the 
gas would be entirely in the form of N0 2 . Pressure changes were read 
with a Nujol oil manometer; the system was kept free of mercury vapor. 
The nitrogen dioxide was obtained from a reservoir of liquid nitrogen 
dioxide made by the arc process. 


RESULTS 

The discharge current 

The relative rates of decomposition of nitrogen dioxide in the negative 
glow and positive column, as determined by the discharge current, are 
shown in figure 1. Line 1 is for the negative glow and line 2 for the nega¬ 
tive glow and positive column combined. The difference between lines 
1 and 2 gives the relative rate for the positive column alone, while the 
difference between lines IV and 2V gives the potential drop in this region. 

It will be observed that the rates are proportional to the current in both 
the negative glow and positive column. The yield measured from the 
slopes of the lines is 21 molecules decomposed per electron of current in 
the negative glow, 80 molecules per electron in the positive column and 
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negative glow combined, and 59 in the positive column alone. The pro¬ 
portionality between current and rate shows this reaction to behave simi¬ 
larly to the other reactions described in this series. 

The voltage curves IV and 2V give an indication of the power consumed 
per molecule for various discharge currents. The conspicuous difference 
in the two regions of the discharge is that the rate is proportional to the 



Fia. 1. Relative Rates of Decomposition of Nitrogen Dioxide in ihe Negative 
Glow and Positive Column 

power input in the negative glow, while in the positive column the voltage, 
and hence the power consumed, drops naturally as the current increases. 

The pressure 

This reaction is again similar to the others studied in this series in that 
the rate of reaction in the negative glow is independent of the initial pres¬ 
sure of nitrogen dioxide between wide limits. The electrochemical equiv¬ 
alence law, 


enunciated for the discharge is still applicable. 
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The effect of pressure in the positive column is difficult to determine 
smce the power input and effective length of the column both vary with 
the pressure 


The powei efficiency 

The power consumed per molecule decomposed in the various regions of 
the discharge is illustrated in figure 2 


ftWnfial Gradient ( v5 ^ 



Tig 2 Power Consi wfi> per Moikull Decomposed in the Variot s Reoionh 

OK THK DlSCHAROF 

Line 1 shows the power consumption to be constant in the negative glow 
from 2 5 to 50 ma , and is equivalent to approximately 28 electron volts 
per molecule ( V e /M) decomposed 

The results obtained m the positive column are shown by line 2 It will 
be noted that the efficiency changes from VJM = 30 at 25 ma current 
to V e / V = 4 at 50 ma This increase in efficiency is due entirely to a 
decrease in potential gradient, since line 2 of figure 1 shows the rate to be 
proportional to the current 

The change in efficiency with lespect to potential gradient is shown by 
line 3, in which it will be seen that VJM decreases linearly with the po- 
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tential gradient throughout the column; the gradients given are those 
obtained with the various discharge currents. 

Foreign gases 

The effect of foreign gases on the rate of decomposition is illustrated in 
figure 3. 

Especial attention is called to the fact that nitrogen and oxygen are 
very similar in their effects on the rate of decomposition, oxygen if any¬ 
thing being slightly more efficient. The rate of decomposition is slowed 
down even less by helium than by oxygen. 



Fiu 3. The Effect of Foreton Gases on the Rate of Decomposition of 

Nitrogen Dioxide 

The above results are in distinct contrast to those obtained with nitrous 
oxide wherein the retardations in rate of dissociation in the presence of 
nitrogen, oxygen, and helium were proportional to the partial pressure of 
nitrous oxide times the relative probabilities of ionization (0) of their 
gases. In the case of nitrous oxide, therefore, these foreign gases con¬ 
tributed nothing to the rate of decomposition. To say in the present case 
that activated nitrogen, for instance, did not decompose nitrogen dioxide 
it would be necessary to assign values of 0 = 1 to helium, 0 = 3 to nitro¬ 
gen, and 0 * 31 to nitrogen dioxide, i.e., the probability for ionization in 
nitrogen dioxide must he over ten times that in nitrogen. Lind (2) as¬ 
signs values to the stopping powers of these gases for a rays of 111 for 
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nitrogen dioxide and 99 for nitrogen; thus the ionization efficiency in the 
two gases is nearly the same. It must be concluded, therefore, that an 
activated helium, oxygen, or nitrogen molecule is almost as effective in 
inducing decomposition as is an activated nitrogen dioxide molecule itself. 

Temperature 

The effect of temperature on the rate of dissociation is shown in figure 4. 

The runs were carried out at constant gas density from room tempera¬ 
ture to 225°(\ The voltage remained fairly constant over the entire 
temperature range. 



Fig. 4. The Effect of Temperatuhe on the Rate of Decomposition of 

Nitrogen Dioxide 

The conspicuous and surprising thing to note in these experiments is 
that the number of molecules decomposed per electron decreased almost 
linearly with temperature over the range investigated. At 225°C. about 
30 electron volts are required to decompose one molecule, while at room 
temperature this value drops to 10 electron volts. 

Equilibrium 

The 2N0 2 N 2 + 20 2 equilibrium was measured by running the dis¬ 
charge in a N 2 / 2 O 2 mixture for about an hour at room temperature until 
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equilibrium was established. The pressures ranged from 5 to 10 mm. of 
mercury. Liquid air was then applied to the discharge tube and the 
nitrogen dioxide frozen out. The nitrogen and oxygen were next pumped 
off, the nitrogen dioxide was allowed to evaporate, and the pressure meas¬ 
ured with an oil manometer. The results showed the nitrogen dioxide 
pressure to be 1.6 per cent of the initial pressure. 

The rate of synthesis of nitrogen dioxide in a liquid air-cooled tube of 
the type used in the decomposition experiments yielded 1.58 molecules of 
nitrogen dioxide per electron of current. Referring to figure 3 it will be 
seen that the rate of decomposition of nitrogen dioxide in a mixture con¬ 
taining approximately 1.5 per cent nitrogen dioxide and 98.5 per cent 
nitrogen or oxygen is equal to the observed rate of synthesis in a N 2 /20 2 
mixture. The equilibrium value of 1.6 per cent nitrogen dioxide is, there¬ 
fore, substantially correct. 

DISCUSSION OF RESULTS 

The general interpretation to be given to these results is necessarily the 
same as that applied to the other reactions studied in this series, namely, 
that the reaction is brought about by positive ions formed in the discharge. 
The first step in the decomposition process is the formation of an N0 2 + , 
and N 2 + or an 0 2 + ion. The second step consists of the dissociation of 
nitrogen dioxide by the ion so formed. 

A calculation of the number of molecules decomposed per ion in the 
negative glow can be made from an evaluation of the number of ions 
formed for each electron leaving the cathode. Since the positive ion cur¬ 
rent to the cathode is negligible (3), and since the electrons leaving the 
cathode receive an energy corresponding to the cathode potential drop, 
the number of positive ions formed per electron of current may be esti¬ 
mated directly from the results of Lehman (4) and of Anslow (5). Lehman 
obtained 13 ions per 600 volt electron, i.e., an expenditure of 45 volts per 
ion in nitrogen. Anslow, using a similar method, obtained a somewhat 
lower value of 5.9 ions for a 600 volt electron. Langmuir and Jones (6) 
obtained a value of about 85 volts per ion, which is equivalent to 7 ions 
per 600 volt electron. 

Figure 3 shows 20 molecules of nitrogen dioxide to be decomposed per 
electron. According to Lehman's value, therefore, the number of mole¬ 
cules decomposed per N0 2 + ion is M/N = 20/13 = 1.55. Anslow’s 
value gives M/N = 20/5.9 = 3.4, while from Langmuir and Jones the 
ratio M/N = 20/7 = 2.8 is obtained. It will be seen from this that an 
estimation of the M/N ratio necessarily involves an uncertainty factor 
of 2. Since the results of Lehman appear the most consistent, it is prob¬ 
able that the correct value at 170°C. is M/N = 1.55 or possibly 2. At 
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room temperature, however, the MIN ratio is approximately three times 
that for 170°C. 

An estimation of the M/N ratio in the positive column is speculative, 
since there exists no reliable method for computing the number of ions 
formed per electron of current. Assuming the same voltage efficiency in 
the positive column as in the negative glow a ratio of M/N = 10 is obtained 
at 50 ma. current. This value is necessarily high but serves as an upper 
limit. At 2.5 ma. the ratio falls to M/N = 1.5. It is reasonable to as¬ 
sume, therefore, that the true M N ratio is essentially the same in the two 
regions of the discharge. 

The results presented in the series of studies on the synthesis and de¬ 
composition of nitrogen dioxide m the discharge show directly the limits 
that may be obtained in the arc process for the fixation of nitrogen. In 
the synthesis (7) it has been shown that it is possible to remove the nitro¬ 
gen dioxide from the arc as fast as formed by cooling the discharge tube 
with liquid air. In this case the reaction N 2 + 2() 2 = 2N(> 2 goes to com¬ 
pletion. The great source of energy loss results from the fact that only 
N 2 + ions contribute to the formation. On the other hand it is to be seen 
from the present paper that N 2 4 , () 2 + , and N() 2 + ions all contribute to dis¬ 
sociation, hence the rate of dissociation is rapid compared to synthesis. 
For this reason the equilibrium value is low, being of the order of 1.6 
per cent nitrogen dioxide. Thus the lower limit for the above equation is 
1.6 per cent on the side of nitrogen dioxide where the rates of synthesis and 
decomposition are equal, and 100 per cent when decomposition is elimi¬ 
nated. In practice, therefore, the yield must depend on the rapidity with 
which nitrogen dioxide is removed from the discharge. It is interesting 
to note that the equilibrium will be practically the same in air as in an 
N 2 /20 2 mixture, since both the rates of synthesis and decomposition are 
the same under these conditions. 

MECHANISM OF REACTION 

There are two probable mechanisms for the reaction about the ion when 
once formed. One is the step or quasi molecule mechanism, generally 
considered in photochemical reactions. It involves dissociation according 
to the equation: 

N0 2 —► NO + O 

This step is impossible in the present case since it would necessitate a 
retardation in rate by oxygen; the possibility of nitric oxide being decom¬ 
posed before being carried out of the discharge by convection is small. 
Figure 3 shows the dissociation in oxygen to be slightly greater than in 
nitrogen. Again such a mechanism would demand a positive and not a 
negative temperature coefficient since the rate of oxidation of nitric oxide 
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increases with decreasing temperature. It must be concluded, therefore, 
that the production of nitric oxide is not a step in the reaction mechanism. 

The second possible mechanism for decomposition is one involving ion 
clusters. An ion cluster of the form (N0 2 ^ NO 2 ) or (N 2 + - 2N0 2 ) is con¬ 
sidered as decomposing directly into N 2 + 2 O 2 . This mechanism is in 
accord with the observed negative temperature coefficient since the di¬ 
electric constant, and hence the clustering ability of nitrogen dioxide, in¬ 
creases with decreasing temperature. It is interesting to note that the 
presence of such clusters has been shown to exist in mixtures of nitrogen 
and oxygen by mass spectrograph measurements by Luhr (8). The clus¬ 
ter mechanism will be discussed in more detail in a later communication. 

SUMMARY 

The decomposition of nitrogen dioxide in the glow discharge is shown to 
obey the same electrochemical equivalence law given for the other reac¬ 
tions studied in this series. 

The decomposition is shown to lie brought about with almost equal ease 
by NO 2 +, N 2 + , O 2 + and He+ ions. 

The M/N ratio at 170°C. is calculated for the negative glow and posi¬ 
tive column. The ratio lies between M/N = 1.55 and M/N = 3. The 
lower value is the more probable. 

The decomposition has a strong negative temperature coefficient, the 
M/N ratio being three times as large at room temperature as at 225°C. 

A value of 1.6 per cent is obtained for the amount of nitrogen dioxide in 
the arc at room temperature under equilibrium conditions. This is dis¬ 
cussed in connection with the possible yields that can be obtained in the 
arc process for nitrogen fixation. 

The results are interpreted as indicating that the decomposition cannot 
be by step mechanism involving the formation of nitric oxide. It is sug¬ 
gested that the cluster type mechanism will best account for both the rate 
decomposition and the negative temperature coefficient. 
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The catalytic, alpha ray, and photochemical decomposition of ammonia 
have been so extensively discussed in the recent literature that it has seemed 
advisable to contrast these results with those obtained in the glow discharge. 

APPARATUS AND METHOD 

In general the method of procedure in this work is similar to that used 
for the decomposition of nitrous oxide (1). The types of discharge tubes 
used are illustrated in the inset to figure 1 of this paper and figure 1A of the 
nitrous oxide paper. The temperature coefficient was obtained by enclos¬ 
ing the entire tube (figure 1A) in an electric oven. The pressure changes 
were read with a McLeod gauge, or with a Nujol oil differential manometer. 
The gases used were purified and stored as described in previous articles of 
this series. 

The rate of reaction was determined from the initial slope of the line in 
time vs. pressure curves. Since the curves were usually straight lines over 
the first half of the pressure rise little difficulty was experienced in obtaining 
accurate initial rates. 


RESULTS 

The effect of ammonia pressure 

The rate of decomposition at various initial pressures of ammonia is given 
in table 1. 

It will be noted that the rate of reaction, It, as well as the efficiency, M/V , 
remain constant from below 4 mm. to about 16 mm. The efficiency varies 
little at lower pressures, although the rate and voltage both increase. At 
pressures above 16 mm. the appearance of the discharge changes entirely. 
The general glow disappears and thread-like arcs appear between the elec¬ 
trode; under these conditions the efficiency at least doubles. 

The independency of the rate on the ammonia pressure between wide 
limits shows this reaction to be similar to others studied in this series. The 

1 This work was carried out under the direction of Dr. A. Keith Brewer. 
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enhancement of the rate accompanying the change in appearance of the 
discharge and drop in the cathode potential above 16 mm. is unique to am¬ 
monia decomposition. This peculiar behavior in ammonia is doubtless oc¬ 
casioned by its remarkable ability to lower the cathode potential drop by 
changing the “work function” of the surface. 

The fact that the rate is independent of the pressure has an analogue in 
the photochemical decomposition, where Wiig and Kistiakowsky (2) have 
shown the quantum yield to be independent of the pressure from 800 to 
1 mm. 


TABLE 1 


Rate of decomposition at various initial pressures of ammonia 


PRKBSURB OP 
AMMONIA 

KATE 

V 

(cathode fall) 

M/e 

(molecules per 
electron) 

V/M 

(electron volts 
per molecule) 

mm lift 

0 5 

mm ptr rmnnU 

0 284 

718 

4 72 

152 

4 0 

0 138 

331 

2 34 

141 

16 0 

0 138 

339 

2 34 

145 

32 0 

0 220 

253 

3 74 

67 6 


The discharge current 

The effect of current on the rate of decomposition in the negative glow 
and in the negative glow and positive column combined is shown in figure 1. 
It will be noted that the rate is proportional to the current in both regions of 
the discharge. This, combined with the independence of rate on pressure, 
enables the decomposition to be expressed by the simple equation dP/dt = «/, 
as in the case of all other reactions studied in the glow discharge. A linear 
current relationship was also obtained by Davies (3), using Siemens' type 
of discharge. 

The significant point to note in these results is that the proportionality 
between current and rate is a direct indication that the decomposition is a 
primary process; the initiation of the reaction, therefore, results from a 
direct collision between an electron and an ammonia molecule, or some 
other molecule capable of inducing decomposition. The initial and rate¬ 
determining steps cannot, therefore, involve any interaction between acti¬ 
vated states. 


Added gases 

The rates of dissociation of ammonia in the negative glow in the presence 
of various gases are given in table 2. 

The values for the electron volts required to dissociate one molecule 
( V/M ) show only a small gradual increase up to 80 per cent added gas in 
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R n and V n give rate and voltage in negative glow; electrode separation 2 mm 
Rnw and V n + P give rate and voltage in combined negative glow and positive column; 
electrode separation 8 2 cm 


TABLE 2 


Rates oj elissoemtion oj ammonia m the lugahvi glow in the presence of various gases 


ADDPO (iAH 

KATE 

V 

(cathode 

fall) 

M/V 

VIM 
(electron 
volte per 
molecule) 


mm per 
minute 




None 

0 214 

390 

3 42 

114 

80 per cent nitrogen 

0 174 

400 , 

2 78 

144 

80 per cent hydrogen 

0 086 

430 

1 38 1 

312 

80 per cent (N 2 + 3H 2 ) 

0 162 

385 

2 59 1 

155 

80 per cent helium 

0 174 

420 

2 78 

151 

80 per cent argon 

0 176 

315 

2 82 

112 

50 per cent oxygen 

0 221 

415 

3 32 

i 

125 
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every case except for hydrogen. Above 80 per cent the rate in all cases 
drops rapidly to zero at 100 per cent added gas. It follows, therefore, that 
ions of these various gases are about as efficient catalysts for the decomposi¬ 
tion of ammonia as are NH 3 + ions themselves. In the case of hydrogen, 
however, the rate decreases for various partial pressures of added hydrogen 
in proportion to the number of H 2 + ions present. Indeed, the computed 
curve for the number of NH 3 + ions formed as given by the relative ionizing 
efficiency of an electron in ammonia and hydrogen mixtures follows the 
rate curve almost exactly in a manner analogous to that shown in figure 7 of 
paper XI of this series (4). It must be concluded, therefore, that H 2 + ions 
do not catalyze the decomposition. The retarding effect of hydrogen can¬ 
not be due to the interaction of hydrogen atoms, and NH or NH 2 as is 
postulated in the photochemical decomposition by Melville (5) since the 
absence of N 2 H 4 in the negative glow, as later described, suggests the ab¬ 
sence of NH and NH 2 . Again this mechanism demands that H -f- NH 2 —> 
NHa increase with the square of the current if the production of H and NH 2 

TABLE 3 


The effect of Hg + ions on the d( composition of ammonia 


TKMPKRATURK 

PRESSURE 

PFH f ENT Hr 

KATE 

M/e 

(molecules per 
electron) 

V/\l 

(electron volts 
per molecule) 

degrees C 

mm 


mm per minute 



25 

5 95 

0 

0 230 

3 54 

110 

103 

9 55 

19 

0 211 

2 45 

153 

191 

12 9 

. __ 1 

37 

0 270 

3 05 

130 


are each proportional to the current; the observed dissociation, however, is 
proportional to the current. It should be added that convection was suffi¬ 
ciently rapid so that the chance of a quasi molecule such as NH 2 being 
struck by an electron before being carried out of the path of the discharge 
was negligible. 

Oxygen up to a partial pressure of 75 per cent behaves in a manner identi¬ 
cal to that of nitrogen or argon. Above this pressure the rate falls rapidly 
to zero. Since the oxidation of ammonia to nitrogen dioxide and water 
would show a decrease in pressure, and since the oxidation of the hydrogen 
alone would show only a slight increase, it seems likely, in view of the large 
pressure increase observed, that () 2 + ions dissociate ammonia in a manner 
similar to N 2 + and A+ ions, and that no appreciable oxidation of the am¬ 
monia occurs under 75 per cent oxygen. In this respect oxygen in the 
negative glow behaves less effectively than in the photochemical decomposi¬ 
tion described by Taylor and Salley (6) in which they found the rate to be 
increased some fourfold by oxygen. The fact that 0 2 + ions do not react 
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with the hydrogen to form water is not surprising, as it has been shown that 
this reaction is initiated entirely by H 2 + ions, the Oj 4 * ions being inert (7). 
Since only initial rates were used, the production of H 2 + ions was negligible. 

In determining the effect of Hg+ ions it was necessary to vary the tem¬ 
perature to give different mercury pressures. The results obtained are 
given in table 3. 

Since these data could not be obtained under constant conditions, some 
scattering in the value of V, M is to be expected. The results indicate, how¬ 
ever, that Hg + ions behave similarly to N 2 + ions in catalyzing decomposi¬ 
tion. The ionization potential of mercury being considerably lower than 
that of ammonia suggests that it is not necessary for the charge to be trans¬ 
ferred to the ammonia molecule for decomposition to occur about the ion. 

Equilibrium 

The ammonia synthesized at room temperature in a discharge, run in an 
N 2 3H 2 mixture until equilibrium was established, was frozen out with 
liquid air, and the nitrogen and hydrogen were pumped off. The ammonia 
was then allowed to evaporate and the pressure was read. The ammonia 
so formed represented an average of 5.55 per cent of the initial amount by 
volume. The amount of ammonia remaining from a similar test, starting 
with pure ammonia, was 6.56 per cent. Thus the most probable value for 
the equilibrium at room temperature in the negative glow is about 6 per 
cent. 

This equilibrium value is in agreement with 6 per cent reported by Davies 
(3) for the Siemens’ tube, but is somewhat lugher than the alpha ray value, 
4.7 per cent, obtained by d* Olieslager and Jungers (8). 

Reaction products 

The total pressure increase invariably showed the final decomposition 
to go almost completely to nitrogen and hydrogen. Attempts were made 
to detect hydrazine by immersing the discharge in dry ice and alcohol. No 
hydrazine was frozen out in the negative glow; in the positive column, how¬ 
ever, at 1 mm. pressure and 20 ma. current, a condensible product was ol>- 
tained equivalent to one molecule for every ten ammonia molecules decom¬ 
posed. At 8 mm. pressure no condensible product could be detected, nor 
could any be detected at any pressure when dry ice was applied to the dis¬ 
charge tube after the ammonia had been 50 per cent or more decomposed. 

These results indicate that the decomposition ordinalily goes to instan¬ 
taneous completion in the discharge. In this respect they differ from the 
findings of Bredig, Koenig, and Wagner (9), who obtained as high as 80 
per cent conversion to hydrazine at low pressures and high current densi¬ 
ties when ammonia was drawn through the discharge. Gedye and Alli- 
bone (10) obtained appreciable quantities of hydrazine with cathode rays 
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at low pressures. The results are in agreement in that in all eases low 
pressures favored the production of hydrazine. 

The temperature coefficient 

The influence of temperature on the number of molecules dissociated per 
electron (M/e) is shown by curves 1, 2, and 3 of figure 2. Each curve was 
taken at constant gas density; the voltage did not change with temperature. 



Fiu. 2. Effect of Temper\tuhe on the Rvte of Dissocivtion 
Curvo 1: V = 1.3 mm. at 25°C., / - 5 ma , V = 415 volts. 

Curve 2: P = 5.5 mm. at25°C., I = 20 ma., V = 431 volts. 

Curve 3: P ® 5.5mm. Nils - H s mixture at 25°C., I - 20ma , V = 495 volts. 


The curves show a temperature coefficient of less than unity, i.e., about 
0.983 per 10°C. r Fhe coefficient becomes unity for curves 1 and 2 at 350°C. 
and 250°C\, respectively, and shows a positive value at still higher temper¬ 
atures; curve 3, with 50 per cent hydrogen, is less than unity throughout the 
entire temperature range. 

The results of Wourtzel (11) for alpha rays and those of Wiig and Kistia- 
kowsky (2) for photochemical dissociation are also shown for comparison. 
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Kuhn (12) obtained a temperature coefficient for photochemical decomposi¬ 
tion comparable to that given by Wourtzel, but observed a retarding effect 
in hydrogen similar to curve 3. 

The fact that curve 1 shows a more pronounced decrease in rate than 
does curve 2, indicates that the decrease in rate with temperature is en¬ 
couraged by low pressures. Probably it is for this reason that the present 
results differ from those of Wourtzel. 

The cathode surface 

The results which have been discussed so far have been for a “worked in” 
cathode. This particular reaction shows a far greater cathode aging effect 
than that usually encountered in the discharge (13). For instance, a 
freshly machined aluminum cathode gave a rate of 0.203 mm. per minute 
with a potential drop between the electrodes of 292 volts. This is equiva¬ 
lent to 84 electron volts per molecule dissociated. As the cathode aged 
the voltage increased while the rate decreased for a period of about three 
hours, after which the conditions remained fairly constant. The values 
for a worked-in cathode are given m figure 2; it will be noted that at room 
temperature from 112 to 127 electron volts are required per molecule. 

An interesting side light to the above aging effect is that running the dis¬ 
charge in pure oxygen or hydrogen has no effect on the worked-in conditions, 
although a discharge in water vapor readily restores the original freshly 
machined characteristics. This is doubtless due to the reduction of a nitride 
film on the cathode, the formation of w r hich is responsible for the aging 
effect. 

The high rate of dissociation observed with freshly machined cathodes 
is intimately connected with the adsorption of ammonia on the surface, 
since under the conditions for high rate an abnormally low cathode poten¬ 
tial drop was observed. The cathode potential drop is determined directly 
by the “work function’’ of the surface, being in general about one hundred 
times the work function. Brewer (14) has shown that the work function 
of a surface may be lowered from a third to a half by the adsorption of am¬ 
monia; this has been accounted for by the dissociation m the ammonia into 
ions by the surface forces. Since the lowering of the work function in¬ 
creases the ease with which electrons are emitted from the cathode, it 
should enhance the efficiency of the discharge. 

A further possibility of accounting for the abnormally high rates on fresh 
surfaces may be had in the observation of Brewer that the ammonia ad¬ 
sorbed on metallic surfaces can undergo decomposition at a temperature as 
low as 250°C. While the surface was cold in the present case, it is probable 
that the bombardment by positive ions, atoms, and metastable molecules 
received by the cathode during the discharge would be as efficient as a hot 
surface in dissociating the adsorbed ammonia* 
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DISCUSSION OF RESULTS 

The results just presented are similar to those previously obtained in the 
discharge, in that the rate is proportional to the current and independent 
of the pressure between wide limits. They possess two distinct differences, 
however, from those observed in the decomposition of nitrous oxide. The 
first is the pronounced cathode “working-in” effect already discussed. 
The second is in the effect of foreign gas ions. In the case of nitrous oxide 
the rate was determined solely by the rate of production of N 2 0 + ions; all 
other ions were without effect. In the present case, however, decomposi¬ 
tion occurs almost as readily around N 2 + , () 2 + , He+ A f , and Hg+ionsas 
about NH 3 + ions; only H 2 + ions are inert. 

It is interesting to note that decomposition occurs about Hg+ ions al¬ 
though the ionization potential of mercury is some 3 volts below that of 
ammonia. Thus it follows that a transfer of charge from the foreign ion to 
ammonia is unnecessary. 

A determination of the number of molecules decomposed per ion ( M/N ) 
involves an uncertainty factor of 2, since various observers are in disagree¬ 
ment to this amount regarding the number of ions formed by an electron 
having an energy equal to the cathode fall of potential. Lehmann (15) 
gives 8 as the number of positive ions formed by a 350 volt electron. An- 
slow (16) obtained but 3.5 ions per 350 volt electron. The number of mole¬ 
cules decomposed per electron at 1.3 mm. is 3.7; the ratio, therefore, is M/N 
= 3.7/8 = 0.46, using the value of Lehmann, and M/N = 3.7/3.5 = 1.1 
from Anslow’s value. At somewhat higher pressures and especially at 
higher temperature the M/N ratio decreases from the values just given. 
Lind (17) gives M/N = 0.8 at room temperature. The best that can be 
said, therefore, is that the ratio is low, lying between 0.5 and 1.0. 

MECHANISM OF DECOMPOSITION 

The fact that the M/N ratio is less than 1.0 indicates either that all of the 
NH 3 + ions do not undergo decomposition, or that there is an appreciable 
synthesis. The latter possibility is obviously impossible for initial rates 
and is not appreciable most of the time of a run, as can be seen from the 
equilibrium results. On the other hand, the inability of ions to cause dis¬ 
sociation can be accounted for on the basis of a cluster type of reaction 
mechanism. 

An ion cluster upon disintegration may dissociate according to probabil¬ 
ity into its original constituents or into some new form. The data show 
that ammonia is not appreciably decomposed by H 2 + ions; the formation and 
dissociation of the cluster, therefore, can be expressed by the process: 

N -f- 2H* 4- H (improbable) 

Hj + + NH, -=-> (N'5H) + / p 

\ 


NHj, -f- H. (probable) 
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In the cluster N is surrounded by 5 H; hence the chance for return to am¬ 
monia is high. 

The conditions about N 2 + , He + , A 4 , O 2 +, and NHa + ions are materially 
different. Thus 


and 


+ Nil, 


N> + N + H> + H (probable) 

(3N3H)'<^ c 

^ NHj + N 2 (small probability) 


N1L+ + Nil,—> (2N-GH) 



Nj + 3H 2 (probable) 


2NH 3 (probable) 


I 11 these two cases the N is not completely surrounded by H; the possibility 
of ammonia splitting out of the cluster, therefore, is much smaller than for 
the Ha' ion clusters. 


SUMMARY 

1. Ammonia is shown to decompose into the elements in the glow dis¬ 
charge. gome hydrazine is formed in the positive column but none in 
the negative glow. 

2. The rate of decomposition is proportional to the current and indepen¬ 
dent of the pressure. 

3. The ability of ammonia to dissociate into ions on the cathode surface 
results in abnormal reaction rates at higher pressures and for freshly 
machined surfaces. 

4. The equilibrium between NH 3 and N 2 /3H 2 is approximately 6 per 
cent NHs. 

5. Decomposition is not appreciably retarded by N 2 , A, He, 0 2 and Hg 
up to 80 per cent added gas. H 2 retards the rate in proportion to the num¬ 
ber of H 2 + ions present. 

6. The decomposition exhibits a less-than-unity temperature coeffi¬ 
cient below 250°(\ Above this temperature a small increase in rate exists 
at the higher pressures. 

7. The M/N ratio lies between 0.5 and 1.0. 

8. The mechanism of decomposition about the ions is discussed. 
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CONDUCTIVITY MEASUREMENTS OF THORIUM AND 
OTHER JELLY-FORMING SYSTEMS 
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In an important communication by Laing and McBain (1), it has been 
shown that sol and gel of one and the same substance are identical in their 
electrical conductivity, lowering of vapor pressure, refractive index, and 
some other minor properties. However, in the ease of curds they found a 
marked drop in conductivity and osmotic activity. In previous publica¬ 
tions from this laboratory, an attempt has been made to investigate various 
properties of inorganic jellies, for example, the viscosity and hydrogen-ion 
concentrations during the course of jelly formation (2), the syneresis of 
various jellies (3), the thixotropy (4), the changes in extinction coefficients 
(5), and the influence of various factors on the formation of jellies (6). In 
this communication, some observations have been made regarding the 
conductivity of some typical jellies such as thorium arsenate, thorium 
phosphate, thorium molybdate, ferric arsenate, and aluminum hydroxide. 

EXPERIMENTAL 

The jellies of thorium arsenate, thorium phosphate, and thorium molyb¬ 
date were prepared by the method described by Prakash and Dhar (7). 
To thorium nitrate solution containing 12.5 g. of the salt in 250 cc. (23.54 
g. of Th() 2 per liter), suitable concentrations of potassium arsenate, phos¬ 
phate, or molybdate were added, and the changes in the conductivities 
during the course of gelation of these systems were investigated from time 
to time by the Hartmann and Braun roller bridge arrangement. The tem¬ 
perature was kept constant at 35°C. The observations have been recorded 
jn table 1. 

The results recorded in this table show that in Uie case of thorium 
arsenate, the mixture of thorium nitrate and potassium arsenate attains 
an equilibrium within thirty minutes, and after that the conductivity re¬ 
mains fairly constant up to the point of setting. As the opalescence in¬ 
creases, there is a slight decrease m the conductivity, the maximum decrease 
being obtained in the course of twenty-four hours when the jelly becomes 
almost opaque. The jelly on further aging, however, shows again an in¬ 
crease in the conductivity. 
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In the case of transparent jellies like thorium phosphate and thorium 
molybdate, when the mixture has once attained the equilibrium, the con¬ 
ductivity becomes constant. Even after the setting of the jellies, the con¬ 
ductivity does not change for a few hours. However, if the aging is allowed 
to continue, the conductivity also increases. The aging influence is less 
marked in the case of molybdate jelly. 

TABLE 1 

Conductivities of thorium jellies 
Thorium nitrate solution = 10 ce 
Total volume =* 12 5 cc. 



JHOR1UM ARSENATE 

1 cc of 18 per cent 
KHjAsO* 

THORIUM PHOSPHATE 

0 75 cc of 20 per cent 
KH,P04 

THORIUM MOLYBDATE 

1 5 cc of 6 per cent 
KjMoO* 

Timo of setting 

60 minutes 

60 minutes 

40 minutes 


Opalescent jelly is ob- 

Opalescent mixture 

Opalescent mixture 


tamed from clear solu- 

giving .dear solution 

giving clear solution 
and finally a trans- 

Nature of the jelly 

tion The opalescence 

and finally a tran9- 

increase* continuously 
with tune oven after 
sotting 

parent jelly 

parent jelly 

Time 

Conductivity of the jelhesr in mohs X 10~* 

0 

4 255 

3 710 

2 385 

5 min 

— 

— 

2 398 

10 min. 

— 

3 635 

— 

15 min 

4 264 


2 395 

20 min 

- 

3 616 

— 

25 min 


_ 

2 390 

30 min 

4 297 

- 

— 

40 min. 


3 616 

2 385 

GO min 

4 297 

3 616 

2 385 

100 min. 

4 297 

3 615 

— 

120 min 

4 285 


— 

180 min 

— 

— 

2 385 

200 min 


3 654 

— 

260 min 

- 

3 698 

— 

24 hrs. 

4 142 

3 855 

2 385 

48 hrs 

4 174 

3 946 

2 482 

72 hrs 

— 

- 

2 451 

90 hrs 

4 272 

— 

— 


The influence of temperature on the conductivity of the above aged 
jellies has also been investigated. As the jellies were obtained by mixing 
the solutions of thorium nitrate with solutions of potassium arsenate, phos¬ 
phate, or molybdate, the conductivities of these component solutions have 
also been measured at various temperatures. The concentrations of the 
solutions taken weie the same as were necessary to give the above jellies. 
The results are given in table 2. 
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The results recorded in table 2 show that the temperature coefficients of 
the conductivities of thorium nitrate, potassium arsenate, potassium phos¬ 
phate, and potassium molybdate are more regular, amounting to 2 per 
cent of the original conductivities at 35°C., as is usually found when Kohl- 
rausch's expression is applied to electrolytes. The temperature coefficient 
of thorium arsenate jelly varies irregularly from 0.9 to 1.4 per cent of the 

TABLE 2 

Conductivities of component solutions 

Thorium nitrate solution, 10 cc diluted to 12 5 ec ; potassium arsenate, 18 per cent 
solution, 1 cc in 12 5 cc of water; potassium phosphate, 0 75 cc. of 20 percent 
solution in 12 5 cc water; potassium molybdate, 1 5 ec of 6 per cent solution in 
12 5 cc. water 


toNDurmrriEa in mhos X 10 * 


TKMPEHVTURE 

1 

1'honuni 

nitrate 

Potassium 

arsenate 

1 honum 
arsenate 
jelly 

Potassium 
phosphate | 

Thorium 

phos¬ 

phate 

jolly 

PotnsBium 

molybdate 

Thorium 

molyb¬ 

date 

jelly 

degrees C 

35 

2 U3 

0 8463 

4 272 

0 1471 

3 946 

0 8245 

2 450 

40 

2 673 

0 9263 

4 522 

0 1595 

4 238 

0 9095 

2 713 

45 

2 913 

1 011 

4 739 

0 1731 

4 484 

0 9766 

2 925 

50 

3 132 

1 074 

4 932 

0 1879 

4 834 

1 066 

3 178 

55 

3 370 

1 165 

5 217 

0 2032 

5 168 

1 137 

3 418 

60 * 

3 616 

1 254 

5 508 

0 2153 

5 467 

1 226 

3 659 

Temperature < o- 
efficient (approx¬ 
imate) 

0 048 

0 0163 

0 049 

0 0028 

0 061 

0 0166 

0 048 


TABLE 3 

Changes in conductivity of ferric arsenate jelly on aging 


TIME 

CONDUC riVITY 

days 

mhoa X 10 1 

1 

4 601 

3 

4 853 

4 

4 952 

5 

5 056 


original conductance; that of thorium phosphate is 1.54 percent, and that 
of thorium molybdate 2 per cent of the original. 

One thing which appears to be of interest is that the conductivities of the 
jellies of thorium arsenate and thorium phosphate are much greater than 
the total conductivities of the initial components. In the case of thorium 
molybdate, the conductivity of the jelly is slightly less than the additive 
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conductivities of thorium nitrate and potassium molybdate. These re¬ 
sults are discussed later on. 


Ferric arsenate jelly 

A positively charged sol of ferric arsenate, prepared by Holmes , method 
(8), containing 51.06 g. of ferric arsenate per liter and 0.028 N in chloride 
ions showed the following changes in conductivity on aging as it gained in 
the viscosity. 


TABLE 4 

Variation in conductivity with turn 

Conductivity of 10 cc of solution w ith 2 cc of w ater at 35°C = 4 031 X 10~ 3 


1IMK 

CONDUCTIVITY 


mhos X 10 3 

0 

5 865 

10 min. 

5 865 

30 nun 

5 865 

2 hrs 

5 865 

1 day 

6 163 


TABLE 5 


Influence of tunperatuu on thr conductivity of ferric ar^enati sol and jelly 


TKMPBRATURK 

CONDIK nVITIKR 1 

Sol 

IN MHOS X 10 3 

lelly 

degrees C 

35 

4 05(> 

6 163 

40 

4 404 

6 665 

45 

4 814 

7 235 

50 

ft 223 

7 852 

55 

5 454 

8 170 

Temperature coefficient 
(approximate) 

0 07 to 0 08 

0 063 to 0 10 


To 10 cc. of the sol of (he first day were added 1 cc. of N /5 potassium 
chloride and 1 cc. of water. The jelly set in 30 minutes. The conduc¬ 
tivity showed the variation with time given in table 4 
Thus there is no variation in the conductance during and after gelation. 
However, the jelly undergoes marked aging and gains in conductivity on 
keeping for a longer time. 

The influence of temperature on the conductivities of 2 days old sol (10 
cc. of sol with 2 cc of water) and the above one day aged jelly is given in 
table 5. 
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On account of the presence of potassium chloride, the jelly is more con¬ 
ducting than the sol. The temperature coefficient of the sol is a little less 
than 2 per cent of the original conductance per degree, while in the case of 
the jelly, it is 1 to 1.4 per cent of the original. 

Aluminum hydroxide jelly 

An aluminum hydroxide sol was prepared by Crum’s method. The sol 
dialyzed for seven days contained 10.48 g. of A1 2 0 3 per liter. The jelly was 

TABLE 6 

Changes of conductivity mth time during and after gelation period 
Temperature =■ 35°C. 


TIME 

CONDUt TIVITY 

0 

ihkos x m * 

1 477 

10 min. 

1 456 

20 min. 

1 456 

60 min 

1 456 

1 day 

1 460 

2 days 

1 492 

3 days 

1 505 


TABLE 7 

Influence t)/ timperature on the conductivity of aluminum hydroxide sol and jelly 
and of potassium chloride 


TEMPERATURK 

| rONDlKTIVIIIFA IN MHOS X 

10 > 

Sol 

Potafteium chloride 

Jelly 

degrees C 




35 

0 1120 

1 409 

1 506 

40 

0 1247 

1 539 

1 655 

45 

0 1343 

1 663 

1 778 

50 

0 1455 

1 794 

1 914 

55 

0 1549 

1 S71 

2 061 

60 

0 1675 

— 

2 213 

Temperature coeffi¬ 
cient (approximate) 

0 00215 

0 026 

0 03 


obtained by adding 1 cc. of iV/10 potassium chloride and 1 cc. of water to 
10 cc. of the sol. From the clear sol, a transparent jelly accompanied with 
slight opalescence was obtained in the course of one hour. The changes 
with time during the gelation period and after are given in table ft The 
conductivity of the sol previous to the addition of potassium chloride (10 
cc. of sol + 2 cc. of water) was 1.120 X 10 -4 . During the course of gela- 
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tion the conductivity remains fairly constant. However an increase is 
observed on aging. 

The temperature influence on the conductivity of the following systems 
has also been investigated (see table 7): 

1. 10 cc. of aluminum hydroxide sol mixed with 2 cc. of water. 

2. 1 cc. of N /10 potassium chloride with 11 cc. of water. 

3. 10 cc. of sol mixed with 1 cc. of N/10 potassium chloride and 1 cc. of 

water to give a jelly in 60 minutes. The jelly was allowed to age 
for three days before the temperature influence was studied. 

Thus the conductivity of the jelly is almost additive of the conductivi¬ 
ties of the sol and of the electrolyte. On the whole, the jelly is slightly less 
conducting than the components taken together. The temperature coeffi¬ 
cient in all the three cases is per degree about 2 per cent of the original at 
36°C. 


DISCUSSION 

The results recorded in the foregoing pages show the following facts: 

The conductivity of thorium arsenate goes on decreasing with time as 
the opalescence increases up to a limit, when the jelly becomes completely 
opaque. Afterwards the jelly undergoes aging and the conductivity 
increases. The transparent jellies of thorium phosphate and thorium 
molybdate, once the equilibrium has been attained between the reactants, 
do not show any marked variation in the conductivities during the course 
of jelly formation. After a day or so, however, their conductivities begin 
to increase on aging. A similar behavior is observed with aluminum 
hydroxide and ferric arsenate jellies. 

The conductivities of thorium arsenate and thorium phosphate jellies 
are greater than the conductivities of their initial components of the same 
concentrations, taken together. In the case of thorium molybdate, the 
conductance of the jelly is less than the additive conductances of thorium 
nitrate and potassium molybdate. The conductivity of aluminum hy¬ 
droxide jelly is also slightly less than the additive values of aluminum hy¬ 
droxide sol and the coagulant, potassium chloride. 

The temperature coefficients per degree for the conductances of thorium 
nitrate, potassium arsenate, potassium phosphate, and potassium molyb¬ 
date are about 2 per cent of the initial conductivities at 35°C. But the 
temperature coefficients of thorium arsenate and thorium phosphate jellies 
are considerably less. The graphs obtained by plotting conductivities 
against temperature are straight lines within the observed range (35°C. to 
60°C.). The temperature coefficients of ferric arsenate and aluminum 
hydroxide sols are also about 2 per cent of the initial conductances. The 
temperature coefficient of ferric arsenate jelly is less than 2 per cent,— it is 
only 1 to 1.5 per cent of the conductance at 35°C. For aluminum hydrox¬ 
ide jelly, the temperature coefficient is about 2 per cent. 
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It has been observed by Dhar and coworkers ( 9 ) that the sols of ferric 
oxide, copper ferrocyanide, Congo red, arsenious trisulfide, silicic acid, etc., 
show a marked increase in the electric conductivity on aging. Gessner (10) 
found a decrease in the case of vanadium pentoxide sol. Roy and Dhar 
( 11 ) observed that in most cases the light effect on colloids is merely an 
accentuation of the time effect, and consequently, on exposure to light, the 
conductivity increases. The stability of a sol is due to the stabilizing in¬ 
fluence of similarly charged ions. Precipitates as well as sols, when aged, 
are found to have much less capacity of binding ions by adsorptive forces, 
so much so, that on aging some of the absorbed ions are set free. These free 
ions go to account for the increase in the observed conductivity. 

The process of gelation is a specific case of coagulation where the un¬ 
charged particles instead of settling down after the formation of conglomer¬ 
ates, imbibe the dispersion medium. The coagulant adsorbs some of the 
ions from the free electrolytes of the medium, and consequently the total 
conductivity of a jelly system is a little less than the additive conductivi¬ 
ties of the components, as has been found in the cases of aluminum hydrox¬ 
ide, ferric arsenate, and thorium molybdate jellies. When thorium nitrate 
is mixed with potassium molybdate to form the jelly, the reaction appears 
to proceed as follows: 

Th(NO a ) 4 + 2KjMo0 4 - Th(Mo0 4 )i + 4KNO, 

During the jeaction, thorium molybdate comes down as a gelatinous mass, 
and thus some of the thorium and molybdate ions are removed from the 
field. In order to form the colloidal phase of thorium molybdate, some of 
the stabilizing ions are further adsorbed from the system. This accounts 
for the 25 per cent diminution in the conductance with respect to the addi¬ 
tive values of the components in the case of thorium molybdate jelly. 

The conductivities of thorium arsenate and thorium phosphate show a 
reverse effect. The conductivity of the jelly is much greater than the 
conductivities of the jelly-forming components taken together. This is 
due to the fact that while the normal potassium molybdate, K2M0O4, was 
used for the formation of molybdate jellies, the dihydrogen salts, KH 2 ASO 4 
and KH2PO4, were employed in the case of arsenate or phosphate jellies, 
where the reaction may be assumed to take place as follows: 

Th(NO,) 4 + 2KH 2 As0 4 - Th(HAs0 4 ) 2 + 2KNO, + 2HNOa 

From this reaction, it is clear that, owing to the formation of nitric acid, 
more ions are available after the reaction and consequently, in spite of the 
diminution due to the usual reasons, there is an increase in the conductivity 
of the system. 

Though the conductivity of sols has been investigated by many workers, 
the temperature influence appears to have been neglected. The influence 
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of temperature on the conductances of simple salts, according to Kohl- 
rausch’s classical expression, is linear within a sufficiently wide range and 
the temperature coefficients per degree approximate to about 2 per cent. 
The rise in the conductivity on the increase of the temperature is due to an 
increase in the mobility of the ions. The temperature coefficients of the 



Fig. 1. The Influence of Temperature on the Conductivity of Thorium 

Jellies 

jellies show an interesting feature. It appears that the increase in mobility 
of ions in jellies with rise of temperature is somewhat less than in the case of 
sols or solutions, and therefore the temperature coefficients are less than 2 
per cent of the initial in the jellies. This point is exhibited in the case of 
thorium arsenate, thorium phosphate, and ferric arsenate jellies. 

One thing interesting to note is the deviation from the usual parallelism 
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between temperature coefficients of conductance and the viscosity of the 
solvent medium. Ordinarily, it has been found that the conductivity of 
solutions becomes zero at temperatures near about — 39°C. The jellies 
which we have investigated would have zero conductance at the tempera¬ 
tures given in table 8, as found by extrapolation (the relation between con¬ 
ductivity and temperature has been supposed to be linear down to the zero 
conductance). 

The temperature at which water is supposed to possess an infinite vis¬ 
cosity is —34°C., a temperature at which it has almost no conductivity. 
When a sol undergoes setting, it gradually begins to gain in viscosity, and 
finally, it loses all its fluidity. From this, we might have expected a 
gradual decrease in conductivity too during the course of jelly formation,— 
a fact contrary to the observations. It shows that the decrease in the 
fluidity with the fall of temperature is materially very much different from 
the decrease during the course of jelly formation. It is an interesting fact 

TABLE 8 

TiPiperaiuns of zno conductance of jillieft 

JWIY 

Thorium arsenate 
Thorium phosphate 
Thorium mol y lx Lite 
Ferric arsenate 
Aluminum hydroxide 


M" MPERATVRE Ol 
ZERO 

f OVDCCTANCE 
digrrrn C. 

-5t> 

— 34 

— 15 
-25 


that the water bound in a jelly offers no resistance to the ions present in the 
system. 

The conductivities of the jellies so far studied are mainly due to the 
electrolytic impurities, and in their comparison the effect of actual colloidal 
micelles is negligible. It is impossible to get an inorganic jelly without the 
free ions in the system, and as such, the conductivity is not a good property 
to throw much light on the nature of jellies. Laing and McBain got a 
difference of about one-fourth in conductivities of soap gels and curds. 
Even our completely opaque jellies, which may be called curds, do noi show 
much marked decrease in the conductivity during the development of 
opalescence. 


SUMMARY 

1. The electrical conductivities of jelly-forming systems of thorium ar¬ 
senate, thorium phosphate, thorium molybdate, ferric arsenate, and alu¬ 
minum hydroxide have been investigated 
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2. It has been shown that once the equilibrium has been established be¬ 
tween the jelly-forming components, the electrical conductivity becomes 
constant and no change is observed during the course of jelly formation or 
after the setting of the jelly. There is a slight decrease in the conductivity 
of thorium arsenate along with the development of opalescence until the 
jelly becomes completely opaque. 

3. When the jellies are allowed to age for a number of days, the conduc¬ 
tivity increases in all the cases. 

4. The conductivities of thorium arsenate and thorium phosphate jellies 
are greater than the additive values for the conductivities of their com¬ 
ponents, because in their preparation the dihydrogen salts were used, 
which give rise to free nitric acid. In the case of thorium molybdate jelly, 
where a normal salt was used, the conductivity was less than that of the 
components. This is also the case with aluminum hydroxide. 

5. The temperature influence on the conductivity of the jellies has also 
been investigated between 35°C. and 60°C. The relation between tem¬ 
perature and conductivity has been found to be linear within a wide range. 
The temperatures of zero conductance have been extrapolated. 

6. The temperature coefficient for thorium molybdate and aluminum 
hydroxide jellies is about 2 per cent of the original at 35°C., while in the 
other cases, it is markedly less than 2 per cent (about 1 to 1.5 per cent). 

The author expresses his indebtedness to Professor N. R. Dhar for his 
kind interest. 
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Received March 8, 1938 
INTRODUCTION 

The previous papers in this series (1, 2, 3) gave data for the decomposi¬ 
tion of sodium hypochlorite in the presence of hydrated copper oxide, the 
catalyst, and also data for the decomposition of the hypochlorite when the 
catalyst was mixed with certain other catalytically inert oxides which have 
been designated as promoters (4). In the third paper of the series (3) the 
author pointed out that the promoter seemed to be effective in the forma¬ 
tion and preservation of the active centers on the surface of the catalyst 
particles. It was also suggested that an ideally promoted catalyst is one 
in which each molecule of catalyst is separated from its neighbors in a 
definite way^bv a fixed number of molecules of promoter, possibly arranged 
in a definite pattern. This paper gives additional data showing the pro¬ 
moter effect of certain oxides and other insoluble substances on the catalytic 
decomposition of hypochlorite and in addition shows that there is no 
apparent simple relation between the crystal structure of the promoters and 
their activity. 


EXPERIMENTAL 

Materials and apparatus 

The hypochlorite, catalyst, and promoters were prepared as described 
previously (3). A shaker apparatus, similar to the one originally designed 
by Walton, was used in following the reaction (5). 

Experimental procedure 

The procedure followed in these experiments was essentially the same 
as that outlined in previous papers. However, the details were modified 
somewhat in those cases where it was necessary to precipitate the catalyst 

1 Contribution No. 40 from the Chemical Laboratory of the University of Utah. 

* Part of the experimental results presented in this paper were reported to the 
Chemical Division of the American Association for the Advancement of Science at 
the Pasadena Meeting, June, 1931. 
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as oxide and the promoter as sulfate, carbonate, or other insoluble sub¬ 
stance. For example, when it was desired to study the promoter effect of 
barium sulfate in the presence of the catalyst, barium and copper ions were 
introduced into the reaction flask and then at the proper time a solution 
containing the hypochlorite and the sulfate ions was introduced through 
the side-neck of the flask. This procedure insured the coprecipitation of 
the two insoluble substances. 


RESULTS 

In the experiments recorded in this paper the substances designated as 
“promoters” (when used in the absence of the catalyst) had no effect on 
the velocity of the reaction. Not only did the authors avoid using mixed 

TABLE 1 

Velocity of the rccution an i elated to the ratio of promoter atoms addid to one atom of 

(atalyst* 


CADMIUM 

as ( dO 

CAU1UM 

as CaO 

MERCURY AS HgO 

Ratio 

K X 1(M 

Ratio 

K X 1(M 

Ratio 

K X 1(M 

0 00 

10 

0 00 

10 

0 00 

10 

0.07 

30 

0 10 

14 

0 70 

48 

0 14 

132 

0 265 

35 

1 4 

80 

0 208 

205 

0 35 

40 

2 1 

108 

0 278 

192 

0 52 

46 

2 8 

176 

0 348 

171 

0 70 

43 

3 48 

126 

0 417 

142 

0 87 

40 

4 15 

112 

0 70 

100 

1 30 

33 

5 55 

87 

1 04 

55 

1 72 

26 

7 1 

60 

l 72 

42 

2 61 

14 

; 



* Hydrated copper oxide is the catalyst in all cases. 


catalysts for this study but they also selected a catalyst of moderate 
activity. In this way the promoter effect of the catalytically inert sub¬ 
stances was more apparent. 

The results are summarized in tables 1 to 3 and shown graphically in 
figures 1 and 2. The rate of the reactions is expressed by means of the 
unimolecular constant (K X 10 4 ) and by giving the volume of oxygen 
liberated at various time intervals. 

DISCUSSION OF RESULTS 

The data given in table 1 and presented graphically in figure 1 show the 
effect of increasing amounts of promoters on the rate of the catalyzed 
reaction. Further, they show that the maximum promotion is obtained, 
not at a definite ratio of promoter to catalyst atoms, but rather at various 
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ratios, depending upon the promoter used. With each promoter studied, 
it is apparent that its effect becomes negligible as the ratio of promoter to 
catalyst becomes high. This may be explained, as suggested in the previ¬ 
ous paper, by assuming that the active centers of the catalyst are covered 
at the higher ratios. On the other hand, the fact that maximum promotion 
comes at various ratios of catalyst to promoter seems to indicate that the 
promoter effect is due to a physical spreading out of the catalyst (perhaps 
on a foundation of promoter molecules), rather than to any definite 



Fig. 1. Curved Showing the Promoter Effect of Various Oxides on the 
Copper Oxide Catalysis of Hypochlorite Solution 

Curves 1 and 2 are plotted to scale A. Curves 3 and 4 are plotted to scale B. 

Curve 1, calcium oxide; curve 2, cadmium oxide; curve 3, mercuric oxide; curve 4, 
magnesium oxide. Data for t urvc 4 were taken from the third paper of this scries. 

arrangement (crystal pattern) of catalyst and promoter as was suggested in 
the third paper of the series. 

Additional data which point in the same direction are given in tables 2 
and 3 and shown graphically in figure 2. It will be observed that there is 
no apparent simple relationship between the crystal structure of the pro¬ 
moter and its activity. It appears that many insoluble substances can 
serve as a promoter if coprecipitation of the catalyst and promoter is 
attained (see numbers 7 and 8 in table 2). 

That the mechanical spreading of a catalyst by an inactive substance 
results in a “promoter effect” seems to be clearly shown by the above data. 



TABLE 2 

Promoter action of various insoluble substances on the copper oxide catalysis of sodium 

hypochlorite solution 


NO 

RATIO C 
TO PJ 

Catalyst 

>r CATALYST 
ROMOTZR 

Promoter 

CUBIC CENTIMETERS OF OXYGEN LIBERATED AT VARIOUS TIME INTERVALS 

1 

CuO 

None 

Minutes 

3 

12 

20 

30 

40 

50 

60 

80 

100 






cc. 0 2 

0.35 

0 7 

1 0 

1 3 

1 6 

1 9 

2 25 

2 85 

3 42 



2 

CuO 

BaO 

Minutes 

3 

6 

9 

12 

15 

21 

24 

27 

30 

35 



1 to 1 39 

1 

cc. 0 2 

1 45 

2 5 

3 8 

4 4 

5 3 

6 9 

7 6 

8 3 

8 8 

9 7 


3 

CuO 

BaC 2 0 4 

Minutes 

3 

6 

9 

12 

15 

18 

21 

24 

27 




1 to 1 39 

l 

cc. 0 2 

1 6 

2 7 

3 6 

4 6 

5 7 

6 6 

7 7 

8 7 

9 65 



4 

CuO 

CaCaO* 

Minutes 

3 

6 

9 

12 

15 

21 

24 

30 

35 

40 

50 


1 to 1 78 

i 

cc. 0 2 

1 2 

1 8 

2 2 

2 5 

2 8 

3 3 

3 5 

3 9 

4 1 

4 4 

5 0 

5 

CuO 1 

BaCOa 

Minutes 

3 

6 

9 

12 

18 

21 

27 

35 

40 

45 

50 


1 to 1 39 

f 

cc. 0 2 

2 1 

2 4 

2 7 

2 9 

3 3 

3 5 

3 83 

4 35 

4 6 

4 8 

5 1 

6 

CuO 

CaCO, 

Minutes 

5 

10 

15 

20 

25 

30 

40 

50 

60 

70 

85 


1 to 1 78 
( 

cc 0 2 

0 3 

0 4 

0 5 

0 7 

0 8 

1 0 

1 35 

1 78 

2 3 

2 9 

4 0 

7 

CuO* 

BaSO, 

Minutes 

3 

6 

9 

12 

18 

24 

30 

40 

50 

60 



1 to 1 39 

1 

cc. Oa 

0 3 

0 5 

0 6 

0 7 

0 9 

1 05 

1 23 

1 53 

1 83 

2 1 


8 

CuOt 

BaSO 4 

Minutes 

3 

6 

9 

12 

18 

24 

30 

40 

50 

60 



1 to 1 39 

cc. O a 

1 7 

2 3 

2 6 

2 8 

3 1 

3 45 

3 73 


4 6 




* The copper oxide and barium sulfate were precipitated separately and then 
mixed 

t The copper oxide and barium sulfate were coprecipitated 


TABLE 3 


The relationship of crystal strut lure * of certain oxides fo their piomoter actuity in the 
copper oxide catalysis of hypochlorite 



h X 1(X AT 



I'KOMOIEK 

MAXIMUM 

PROMOTION 

CRVH1AI hutlm 

STRUCTURE TI PE 

Copper oxide (catalyst) 

7 

Triclinn 

NaCl (distorted) 

Magnesium oxide t 

207 

Cubic 

NaCl 

Cadmium oxide 

205 

Cubic 

NaCl 

Calcium oxide 

43 

Cubic 

NaCl 

Barium oxide 

75 

Cubic 

NaCl 

Mercuric oxide 

176 

Orthorhombic 

HgO 

Ferric oxidet 

99 

Hexagonal 

Fe 2 03 

Barium sulfate 

19 

Orthorhombic 

BaS0 4 

Calcium carbonate 

20 

Orthorhombic 

KNO, 

Calcium oxalate 

21 

No data 


Barium oxalate 

76 

No data 


Barium chromate 

7 

No data 



* Crystal structure data were obtained from The Structure of Crystals, by Wyck- 
off, 2 nd edition. The Chemical Catalog Co., New’ York (1931) 
t Data from the third papier of this series. 

% Data Lorn the second papier of this series. 

920 




DECOMPOSITION OF SODIUM HYPOCHLORITE 


921 


However it does not seem reasonable to suppose that such large increases in 
reaction rate produced by such small quantities of promoter can be com¬ 
pletely accounted for in this manner. It seems apparent that some other 
explanation still is to be sought 



Fk, 2 Curves Showing the Promoter Effect of Various Insoluble 
Subsiances on Copper Oxide Catalyst 
1, No promoter; 2, barium oxide; 3, barium oxalate; 4, calcium oxalate; 5, barium 
carbonate, 6, calcium carbonate; 7, barium sulfate precipitated separately; 8, barium 
sulfate copreeipitated 


SUMMARY 

1. The promoter effect of several oxides and other insoluble substances 
has been determined in the copper oxide catalysis of sodium hypochlorite 
solution. 

2. There seems to be no simple relationship between the crystal structure 
of a promoter and its activity. 

3. Promoter action seems to be due in part to a mechanical spreading 
of the catalyst 
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THE ATOMIC MASS OF SODIUM. II 
The Sodium Chloride-Silver Ratio 
CLYDE R. JOHNSON 1 

Frick Chemical Laboratory , Pi i net ton Univtrsittj, Prinetton , Xt w Jersey 
Rtceivtd August 10, 1932 

The present study of the sodium chloride-silver ratio was designed to 
develop and test a new general method for the determination of atomic mass 
ratios. 


PURIFICATION OF REAGENTS 

The reagents used in this work were purified by methods (1) which were 
shown to be adequate by suitable tests. The general criterion of acceptable 
purity for any reagent was that the amount used in a single analytical sys¬ 
tem or 1500 g. of standard solution would introduce no silver or chloride 
impurities equivalent to more than 0.005 mg. of silver. Simple and sensi¬ 
tive nephelometric tests (2) made it possible to fulfill this condition with 
certainty. 

Sodium chloride 

The sodium chloride was obtained from 500 g. of Merck’s c. p. reagent. 
It was precipitated successively three times from saturated solution with 
central fractions of hydrogen chloride distilled from e. i\ concentrated hydro¬ 
chloric acid, fused in platinum, and then crystallized three times from pure 
water. Before each treatment the solution was filtered through a Munroe 
crucible, and the recovered cyrstals were always dried in a centrifuge at 
1500 r. p. m. for fifteen minutes. Uniform initial and final fractions were 
rejected in each of the six precipitations or crystallizations. The work was 
conducted under glass covers to eliminate dust, and the solutions came into 
contact only with platinum dishes 

The 107 g. of material obtained after the sixth crystallization was sepa¬ 
rated into five fractions by crystallization from water. As each of the 
fractions was obtained it was redissolved in water and passed through a 
platinum Munroe crucible directly into a platinum receiver. The solution 
was evaporated in a 150-cc. platinum dish, and the dry salt was transferred 
with a spatula to covered platinum cups in a vacuum desiccatoi. Each 

1 National Research Fellow in Chemistry, 1930-1932. 
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of the platinum implements was weighed just before and after handling 
each fraction. The maximum possible extent and distribution of the 
platinum impurities was thus determined with precision (see table 1). 
Since only part of the platinum accidentally scraped from the dish and 
spatula was transferred with the samples, it is safe to say that the average 
error due to platinum impurities in the sodium chloride is well below the 
maximum platinum content of 1 part in 270,000. 

TABLE 1 

Platinum impurities in sodium chloride 


MI1LIOHAM8 OI PLATINUM IMIUKIIIFS FttOM 


I RACUON NO 

WEU.HT 

1 150-rc dish 

Spatula 

I Recei\er 

Filter 

1 

grama 

26 

0 04 

0 00 

0 00 

0 02 

2 

26 

0 06 

0 00 

in 

in 

3 

18 

0 04 

0 00 

all 

all 

4 

25 

0 07 

0 03 

five 

five 

5 

12 

0 12 

0 02 


I 


Neutrality of sodium chloride 

h is not possible for well-dried, vacuum-desiccated sodium chloride to 
hydrolyze to any great extent during fusion. Samples of the sodium 
chloride fused in air or nitrogen by the method hereinafter described were 
shown to be neutral in ordinary tests with indicators. The possibility of 
slight hydrolysis during fusion is now being studied in more detail with the 
cell: tungsten | tungsten oxide | fused NaCI (satd.) | unfused Nad (satd.) | 
tungsten oxide | tungsten. 


Containers 

The various Pyrex flasks and beakers used in the analyses were all ex¬ 
amined for cracks by the sensitive phenolphthalein-sodium hydroxide test. 
This was an important precaution, since almost invisible cracks were 
found in several cases. All vessels were cleaned by washing in order with 
soap and water, cleaning solution, concentrated aqua ammonia, nitric acid, 
and water. It was noticed that the removal of silver chloride from glass 
vessels with ammonia leaves on the walls a film of some material containing 
an excess of silver over chloride. This observation has a bearing on many 
points of technique in nephelometric work with silver chloride. 

THE ANALYSES 

The analytical weighings and transfers of material were made with pre¬ 
cautions which make them accurate to about 0.01 mg. For each weighing 
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the air density was determined from temperature, pressure, and psychro- 
metric observations, and vacuum corrections were applied on the basis of 
the known volumes of the weights and densities of the materials. Weigh¬ 
ings were made by the method of substitution, on a No. 10 Troemner 
balance sensitive to 0.01 mg. with a load of 20 g. It may be noted that 
0.01 mg. of silver, silver chloride, sodium chloride, or the equivalent in 
suitably diluted solutions, is distinctly visible; it is possible to be reasonably 
certain that carefully controlled weighings and transfers are quantitative 
to this extent. In the few cases in which larger quantities of the materials 
may be present in invisible films, the procedures insure the same degree of 
certainty. 


Titration analyses 

For each analysis a 5.4 to 5.5 g. sample of sodium chloride was fused in a 
weighed 20-cc. platinum crucible in an electric furnace, after desiccation 
in vacuum over fused potassium hydroxide for at least three days. The 
covered crucible was completely inclosed in a covered quartz crucible 
surrounded by a quartz muffle. The crucible and contents were raised to 
810°C. over about twenty minutes, then held at 810° to 860°C\ for five to 
thirty minutes. After the loaded crucible had cooled sufficiently, it was 
returned to a desiccator, and cooled completely before weighing. 

By the use of a suitable counterpoise crucible, the weights of the empty 
or charged Crucible could be duplicated to 0.01 mg. in successive weighings, 
made at widely separated times. In no case was there any evidence of gain 
of moisture from air of low or moderate humidity in which all weighings 
were made. The weighed crucible containing the fused salt was placed in 
a Pyrex beaker with a “dripless” lip, and the salt was dissolved in 500 cc. 
of pure water. The resulting solution was transferred to the analytical 
system without delay. 

The thoroughly washed crucible was dried in a porcelain electric furnace 
at 300°C., and the rechecked difference between the weights of the crucible 
and counterpoise served as the initial value in the next analysis. The 
volatility and solubility of the platinum crucible under these conditions 
was very small. In nine analyses the crucible used in fusing the sodium 
chloride lost only 0.07 mg., which was distributed as a uniform steady loss. 
A quartz crucible was used for the sample which was fused in nitrogen 
carrying a small amount of hydrogen chloride. 

The purified silver, in the form of fused buttons and electrolytic crystals, 
was prepared for weighing by heating to 500°C. in an evacuated quartz 
tube, and was kept in a desiccator over fused potassium hydroxide. The 
silver was weighed directly on the balance pan, and handled with ivory- 
tipped forceps and a watch glass. Successive weighings of the same silver, 
involving transfer to the watch glass and return to the pan, could be dupli- 
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cated to 0.01 mg. A satisfactory check consisted in making the substi¬ 
tutions in the order: weights-silver-weights. For each analysis silver ap¬ 
proximately 1.8454 times the predetermined weight of the sodium chloride 
was taken for exact weighing. Crystals made up only 2 to 8 mg. of the 
total weight of silver. The silver was dissolved in 1:1 nitric acid, using 
76.0 cc. of 7.57 molar nitric acid per 10.00 g. of silver, with precautions to 
avoid mechanical loss. The solution was diluted to 500 cc. before trans¬ 
ferring it to the analytical system, at room temperature. 

The general scheme of analysis, designed to obtain evidence on several 
points of interest, is shown in table 2. In each case one of the 500 cc. 
solutions was added to the other at the rate of 4 cc. per minute. The latter 
solution was contained in a weighed 3-liter glass-stoppered Pyrex Erlen- 
meyer flask, which was rotated repeatedly during the addition. The 
transfer apparatus consisted of a 250-cc. tail-form funnel with a stirring 


TABLE 2 
Sc he trie of analysis 



NaC’l ADDED TO AgNOl 



AgNO» ADDED 

to NaCl 


raotion 

No 

t used in 

Time 

fused 

Maximum 

tempera¬ 

ture 

Fraction 

No 

Fused in 

Time 

fused 

Maximum 

tempera¬ 

ture 

la 

Air 

minutes 

20 

dtgrees C 

830 

lb 

Air 

minutes 

5 

degrees C 
820 

2 a 

N, 

30 

830 

2 b 

N, 

30 

830 

3a 

Air 

5 

820 

3b 

HC1 Ni 

15 

860 

4a 

Air 

10 

820 

41) 

Air 

10 

810 

5a 

Air 

10 

810 

5b 

Air 

5 

810 


rod ground into the top of the stem and slotted to permit the drop by drop 
addition of solution to the large flask. The rod extended beyond the flared 
rim of the funnel, and was bent to form an obtuse angle a little above the 
rim. It could be removed to permit the rapid addition of wash water. 
The transfers were made under glass covers to avoid dust impurities. 

After addition of the wash waters, the system was made up with water, 
by weighing on a large balance, to contain 1520.7 g. of solution per 10.0000 
g. of silver (7.8796 g. of sodium nitrate). Each supernatant analytical 
solution thus had the same composition as the solutions used in previous 
work (3) on the end point of the sodium chloride-silver titration. The 
analytical system was brought to equilibrium at 0°C. and portions of the 
supernatant liquid were withdrawn and filtered at this temperature, and 
later analyzed in the manner described in detail in the above-mentioned 
report, by nephelometric comparison (at room temperature) with exactly 
similar standard solutions containing measured amounts of silver and 
chloride. A number of these standards, each containing 7.8796 g. of sodium 
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nitrate and 28.46 g. of hydrogen nitrate per 1520.7 g. of solution, were made 
up to cover a short range of silver and chloride concentrations in the end 
point region. This range could be narrowed as desired, either by weighing 
out the original samples of sodium chloride and silver in more nearly 
equivalent amounts, or by making additions as described below, and also 
by allowing ample time for the complete coagulation of the colloidal silver 
chloride in the analytical systems. 

After preliminary analyses of the supernatant analytical liquid, its silver 
and chloride contents were adjusted to approximate equality in the usual 
manner, by the addition of dilute standard silver nitrate or sodium chloride 
solutions. The end point of the titration was then determined by four to 
eight sets of nephelometric analyses made over a period of several days 
with two or three independently prepared standards The average dif¬ 
ference in the measured silver and chloride concentrations located the end 
point directly, with an uncertainty equivalent to only about 0.02 mg. of 
silver. In several cases further adjustments were made, and the end point 
determinations were repeated. It may be noted that when the liquids were 
near the correct end point , small measured additions of silver nitrate or sodi- 
ium chloride agreed quantitatively with the resulting changes shown in 
the composition of the supernatant liquids by the standard solution tests, 
within about 0.02 mg. of silver or its chloride equivalent. 

In the analyses of samples 2b, 4a, and 4b, the end point was also deter¬ 
mined by potentiometric analyses made at 0°C. with the cells: 

Ag | AgCl | Analytical solution | Standard solution | AgCl | Ag 
Ag | Analytical solution | Standard solution I Ag 

In these measurements, in order to eliminate errors due to liquid junction 
potentials, it was necessary to make slight adjustments m the nitric acid 
concentration of the analytical solutions. Exact predetermination of the 
nitric acid concentration was prevented by the small variations in the 
amount of nitrogen oxides retained during solution of the silver. This 
point presented no difficulty, as the necessary adjustments could be made 
with precision after titration of test portions of the solutions with standard 
alkali. 

The differences in the silver and chloride concentrations in each of the 
supernatant liquids, as found in the potentiometric analyses, gave the same 
end points as the corresponding nephelometric analyses. The solubility 
values found were uniformly a little lower for the potentiometric experi¬ 
ments. It seems likely that identical results would be obtained in both 
cases by allowing ample time for the complete coagulation of the colloidal 
silver chloride. For the sake of uniformity the solubility values given in 
subsequent tables are the nephelometric values, which must be preferred in 
estimating silver and chloride in rejected liquors and washings. 
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Gravimetric analyses 

A new technique for the collection and estimation of silver chloride was 
also studied. In developing this gravimetric procedure, every effort was 
made to minimize or eliminate minor corrections, in recognition of the fact 
that a multiplicity of corrections increases rather than diminishes constant 
errors. 

At the completion of each titration analysis the supernatant liquid 
remaining was poured into a weighed 600-cc. beaker, then decanted through 
an accurately weighed Munroe crucible while still at about 0°C. The 
bulk of the precipitate was transferred to the beaker with the last of the 
liquid. The flask was inverted in a ring over the beaker and the last visible 
traces of silver chloride were removed with the aid of a wash-bottle with an 
S-shaped nozzle, filled with a portion of the cold, filtered, supernatant 
liquid. The crystals in the beaker were drained, and the filtered supernatant 
liquid was collected and later analyzed for silver and chloride by comparison 
with standard solutions having the same composition, in the nephelometer. 
The liquid retained by the silver chloride was estimated by weighing the 
beaker and its contents to the nearest 0.5 g. 

The silver chloride was washed with ten 25-cc. portions of dilute acid 
containing in all 1.0 cc. of 7.57 molar nitric acid, then with four 25-cc. 
portions of pure water, with the last of which it was transferred to the 
Munroe crucible. A perforated platinum plate was used to shield the filter 
mat. The silver chloride was dried at a temperature increased from 80° 
to 110°C. during four hours, in a porcelain electric furnace, then heated 
at 300°C. for twelve hours before weighing. The crucible and contents 
were again heated at 300°(\ for six hours and weighed a second time. In 
ten experiments the loss during the second heating averaged 0.014 mg., 
and never exceeded 0.03 mg. Satisfactory proof of the constancy in weight 
of the Munroe crucible during these operations was obtained by remov¬ 
ing the bulk of the precipitate, dissolving any adhering silver chloride in 
aqua ammonia, and washing in proper sequence with water and nitric acid, 
before drying and reweighing the crucible. Under these conditions the 
difference in weight between the crucible and counterpoise could be re¬ 
checked to about 0.02 mg. When such rechecks are desired, the crucible 
should not be inverted during washing, as loose particles sometimes develop 
on the top of the mat. 

No “loss on fusion correction” for the silver chloride was made. Honig- 
schmid and Chan (4) have shown that the loss on fusion after drying silver 
chloride at 300°C. is so small as to be of doubtful significance. 

The nitric acid-water washings of the silver chloride were preserved and 
later made to 500 cc. with the aqua ammonia-nitric acid-water washings. 
The latter washings consisted of 50.0 cc. of 1.5 molar ammonium hydroxide 
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prepared by distilling concentrated c. p. aqua ammonia into water in a 
Pyrex apparatus, 25.0 cc. of 7.57 molar nitric acid, and water, used in 
proper sequence. Care was taken not to acidify the ammonia solution 
before the final combination of washings. These washings covered all 
surfaces which might have retained silver chloride, in the following vessels: 
(1) the pipette and filter used in withdrawing and filtering the nephelometric 
test portions, (2) the containers used for storing the washings, (3) the trans¬ 
fer beaker and stirring rod, (4) the receiving fiask, (5) the 3-liter analysis 
flask, and (6) the porcelain interior of the electric furnace. 

The silver and chloride in the combined washings were estimated by 
nephelometric comparison of 20.0-cc. test portions with equal volumes of 
standard solutions. The standard solutions were made up in 500 cc. 
amounts, each containing 26 0 cc. of 7.57 molar nitric acid, 50.0 cc. of 
1.5 molar ammonium hydroxide, solution to correspond to the weighed 
supernatant liquid retained by the silver chloride, and measured equivalent 
amounts of silver and chloride. The nitric acid and ammonia solutions 
were equal aliquot portions of the same reagents used in the washings; the 
other solution was a quantity of one of the standard solutions used in the 
end point tests, corrected for its silver and chloride content. These stand¬ 
ards thus had precisely the same composition as the combined washings, 
as the silver and chloride content could be adjusted to the desired value after 
one approximation. Under the conditions described above, analyses made 
in duplicate or triplicate agreed within 0.02 mg. It should be emphasized 
that it is only by such systematic regulation of conditions that the anomalies 
usually observed in these tests may be eliminated. 

Analyses of solutions 

In recognition of the possibility that abnormalities due to adsorption 
effects might be revealed thereby, all of the various supernatant liquids and 
washings from the precipitated silver chloride were analyzed both for their 
silver and chloride contents. Each of the values given in the summary of 
these analyses (table 3) is the mean of at least three measurements made 
by the standard solution method. On the average the individual values 
may be trusted to about 0.02 mg. The chloride concentrations in the 
table are multiplied by the factor Ag/Cl. Compared vith normal solu¬ 
bility values, most of the values given in the first two columns of the table 
are a little too high. It would have been impractical to wait for the com¬ 
plete coagulation of the colloidal silver chloride in these experiments, 
although it was recognized that this would slightly increase the precision 
of the end point measurements. The single low value represents a solution 
frozen, melted, and analyzed while held at 0°C., under conditions prevent¬ 
ing it from attaining complete saturation. 
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TABLE 3 


Summary of analyses of solutions 


SAMPLE NO 

SOLUTION NEAR END POINT, 

0°C. 

SAME AFTER 

SEPARATION 

COMBINED 

WASHINGS 

Chloride 

Silver 

Chloride 

Silver 

Chloride 

Silver 

la 

mg /liter 

0 56 

mg /liter 

0 50 

mg /liter 

0 80 

mg /liter 

0 76 

mg /600 ml 

0 99 

mg /S00 ml. 

1 00 

lb 

0 73 

0 66 

0 78 

0 97 

0 44 

0 43 

2 a 

0 69 

0 69 

0 77 

0 76 

0 37 

0 37 

2 b 

0 73 

0 67 

0 79 

0 74 

0 40 

0 40 

3a 

0 73 

0 71 

0 79 

0 75 

0 40 

0 40 

3b 

0 71 

0 70 

0 72 

0 74 

0 51 

0 51 

4a 

0 65 

0 71 

0 72 

0 78 

0 33 

0 33 

4b 

0 71 

0 70 

0 95 

0 91 

0 48 

0 49 

5a 

0 66 

0 61 

0 77 

0 82 

0 48 

0 44 

5b 

0 75 

0 68 

0 86 

0 76 

0 37 

0 39 


DISCUSSION OF RESULTS 

The present research was designed for the development and testing of 
new procedures for use in the determination of atomic mass ratios, and 
attention is confined mainly to this aspect of the experimental results. 

Titration analyses 

The pairs of analyses made with uniform samples of fractions 1, 2, 4, 
and 5 give values for the sodium chloride-silver ratio which show' that the 
new analytical method is an unusually precise one. The average deviation 
of the individual ratios from the respective means is only 3 parts in 540,000. 
There is no discrepancy between the known precision of the separate steps 
of the analytical procedure and the experimentally observed precision of the 
entire procedure. Such a disci epancy might have been expected if the 
silver or sodium chloride was not uniform, or if the composition of the 
silver chloride precipitates with respect to silver and chloride was not 
definite. 

The results obtained for fraction 3 were excluded from the above con¬ 
siderations by the predetermined analytical scheme. The analysis of 
sample 3b shows that some of the hydrogen chloride dissolved in the 
molten sodium chloride was not removed when the material was cooled in 
a current of nitrogen. Other portions of the sodium chloride, fused under 
the same conditions as sample 3b, but not analyzed, gave an acid reaction 
with indicators when dissolved in water. The high sodium chloride-silver 
ratio obtained for sample 3a is puzzling. The only reason to believe that 
the result does not represent a correct analysis of the fraction is to be found 
in the analyses of the adjacent fractions. 

It was recognized that an}' impurities in the sodium chloride obtained 
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in the sixth crystallization would tend to concentrate in fraction 5, and that 
the analyses of this fraction could have no standing as determinations of 
the sodium chloride-silver ratio. However, these analyses accomplish 
their main purpose by showing that even the residual liquor from which the 
other fractions were crystallized was remarkably pure. 


TABLE 4 


Summary of analyses 


NO 

\a( 1 is 

\ ACCVM I 

Ag IN 
\MUM 

i 

NET \g 
ADDED 

MNAt Ag 
hX( Km 

TOTAL Ag 
«C NftCl 

RATIO 

NaCI Ag 

la 

gram a I 

5 48994 | 

grain* 

10 13092 

mg 

1 45 

mg 

-0 09 

gram 8 

10 13240 

0 541817 

lb 

5 43970 1 

10 03832 

1 70 

-0 11 

10 03981* 

0 541819 

2 a 

5 4897b 

10 13054 

1 09 

±0 00 j 

10 13223 

0 541812 

2 b 

5 47090 

10 09582 

1 33 

-0 09 1 

10 09724 

0 541821 

3a 

5 42144 

10 00451 

0 48 

-0 03 

10 00502 

0 541872 

3b 

5 4300 

10 0314 

2 54 

-0 02 

10 0340 

(0 54170) 

4a 

5 59192 

10 31920 

1 53 

4-0 09 

10 32004 

0 541819 

4b 

5 43087 

10 02204 

1 40 

-0 02 

10 02352 

0 541813 

5a 

5 51008 

10 17998 

2 22 

-0 08 

10 18218* 

(0 541798) 

5b 

5 42755 

10 01590 

171 

-0 11 

10 01778 

(0 541792) 


i 

i 

i 

i 

\gCl in ai i | 

\g(’l IN COM¬ 



NO 

hr y Kg(*l in ! 

BL I'EKNA TANT 

BINED 

IOI AI. ITN* USED 

RATIO 


\AClMTMt 

norms 

W AHif I N< H 

\g<M 

Vgf’l Ag 

A 

gram * 

mg 

mg 

gram 8 


la 

13 45877 

1 1 50 

(1 32) 

13 40105 

(1 32857) 

lb 

13 33790 

1 44 

0 59 

13 33993 

1 32870 

2 a 

13 46031 

1 51 

0 49 

13 46231 

1 32806 

2 b 

13 41347 

1 52 

0 53 

13 41552 

1 32863 

3a 

13 29120 

1 48 

0 53 

13 29327 

1 32860 

3b 

13 3280 

1 44 

0 08 

13 3307 

1 3280 

4a 

13 71081 

1 38 

0 44 

13 71203 

1 32800 

4b 

13 31530 

1 03 

0 04 

13 31703 

1 32864 

5a 

13 52674 

1 45 

0 64 

13 52883 

1 32868 

51) 

13 30805 

1 63 

0 49 

13 31017 

1 32860 


* Corrected a h noted in text 

t Corrected for minute amounts of sodium chloride added in adjusting the solu¬ 
tions to the end point 

In discussing the accuracy of the new method, it is important to consider 
the evidence concerning the composition of precipitated silver chloride, 
which is the only factor in this type of precipitation analysis over which 
the analyst has no direct control. At other points the methods available 
for checking the accuracy of the procedures and the purity of the ma¬ 
terials are adequate. For the titration method, the problem here involved 
is considerably simplified by the fact that it is only the silver nitrate or 
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sodium chloride adsorbed or otherwise included by the precipitate that 
need be considered. Moreover, if adsorption or occlusion is an important 
factor in determining the composition of the precipitate, silver chloride 
coagulated in a solution containing excess of sodium chloride and that 
formed in excess of silver nitrate should differ markedly, and the difference 
might be expected to appear in the measured sodium chloride-silver ratios. 
In the present experiments, the results obtained by reversal of the order 
of precipitation, in pairs of analyses in which uniform samples of sodium 
chloride and silver were used, indicate that no such adsorption or occlu¬ 
sion occurred. Further evidence to support this conclusion is found in the 
fact that the removal of successive layers from the precipitates by warming 
and washing showed no anomalies, when the end point adjustments were 
properly made. 

The above remarks apply only to experiments in which the silver chloride 
was in contact with solutions extremely close to the correct end point. In 
other cases, with cither silver nitrate or sodium chloride in excess, some of 
the excess material may be taken up by the precipitate. It follows that 
under certain conditions, depending on the manner in which the end point 
is approached, the silver and chloride content of the supernatant liquid 
cannot be trusted to show the difference in the amounts of silver and 
chloride in the system. 

An example of such a case is found in the analytical data for sample lb. 
The change in the silver content of the supernatant liquid indicates that 
silver was in excess in the precipitate during the end point determination, 
and that it was later ejected by the precipitate. The ejection must have 
occurred either during the warming which accompanied the separation of 
the supernatant liquid or in the period of standing which preceded the 
separation. Proper coirection was made for the excess silver found in the 
1220 cc. of separated liquid. Reference to the measured ratios shows that 
the silver chloride expelled the excess silver to return to the same compo¬ 
sition as other precipitates which were never in contact with a solution 
containing excess silver. This behavior offers additional evidence of the 
definite composition of the original silver chloride precipitates. It also indi¬ 
cates that adsorbed or occluded material is not held very firmly, an observa¬ 
tion which would appear to explain the absence of irregularities due to 
reversal of the titration for the pairs of samples. It may be noted that the 
analysis of sample lb was the first to be completed; in subsequent analyses 
the adjustments to the end point were made in a manner calculated to 
avoid the difficulty. 


Gravimetric analyses 

The silver chloride-silver ratios found in the gravimetric analyses show in 
a general way that the silver and sodium chloride used in this work were 
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highly pure. It may also be inferred that the amount of sodium nitrate 
retained by the precipitates was extremely small. The value obtained 
for sample la is open to suspicion for the reason that the combined washings 
were found to be saturated at room temperature, after acidification. It is 
highly probable that some silver chloride was lost at this stage. This acci¬ 
dent emphasizes the importance of not overloading the aqua ammonia 
washings, rather than any serious weakness in the procedures. In fact, 
except for their u ‘incidental” feature the new procedures were satisfactory 
in every respect, and under more favorable conditions, in “direct” gravi¬ 
metric analyses, should be capable of even higher precision. 

In conclusion, the significance of the present results as a determination 
of the atomic mass of sodium may be briefly noted. Seven of the titration 
analyses have been made with carefully purified reagents and materials, 
by a method in which it has not been possible to detect any constant errors 
greater than the known accidental errors of the analytical procedures. In 
deriving a value for the NaCl:Ag ratio from these seven experiments, con¬ 
vention requires the rejection of the abnormally high value, whereupon the 
remaining six give 0.541817±0.0000010 for the ratio. Thus, if Cl = 35.457 
and Ag = 107.880, the atomic mass of sodium is 22.994. Seven gravimetric 
analyses were made with sodium chloride containing no known impurities, 
but only five of these are properly eligible for use in estimating the NaCl: 
AgCl ratio. These five analyses yield the value 0.40779±0.0000026, 
whence Na *= 22.994. 

Thanks are due to Professor George A. Hulett for many suggestions 
which have been found helpful in the present series of experiments. 
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While the effect of salts upon the solubility of proteins has been studied 
by Mellanby (1), Sorensen (2), Cohn (3), Stadie (4), Florkin (5), Green 
(6), and others, the effect of proteins upon the solubility of salts has been 
little studied. Pauli and Stenzinger (7) have measured the solubility of 
calcium sulfate in various protein solutions. Failey (8) has studied the 
effect of edestin nitrate on the solubility of thallous chloride. These 
workers, however, have merely correlated the change in solubility of the 
salt with the protein concentration. In the present investigation this 
change has been related to the ionic strength of the solution as calculated 
under certain assumptions. Adair (9) determined the activity coefficients 
of chloride ion in edestin chloride solutions equilibrated with hydrochloric 
acid and correlated them with the charge on the protein in a manner similar 
to that developed in this paper. 

PREPARATION OF MATERIALS 

Egg albvmin 

This protein was prepared from the whiles of strictly fresh eggs accord¬ 
ing to the method of Sorensen (2). The crystals obtained were dissolved 
and recrystallized three times from ammonium sulfate solution. The final 
material, placed in cellophane sacs, was dialyzed against running tap water 
for forty-eight hours, against distilled water for four days, and finally freed 
from electrolytes by means of electrodialysis. The approximately 5 per 
cent stock solution resulting left a negligible ash and was completely free of 
chlorides (see table 1). It had a pH of 4.75 and a conductivity of 7.6 X 
10~ 5 mhos. 

1 This work was aided by a grant from the Chemical Foundation. 

2 The material for this paper is from a dissertation submitted by Gilbert C. H. 

Stone to the Faculty of Pure Science, Columbia University, in partial fulfilment of 

the requirements for the degree of Doctor of Philosophy. 
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Edestin 

Crystals of the protein were prepared by a modification of the Osborne 
method (10). Finely ground hemp seed was extracted with a 10 per cent 
sodium chloride solution. The resulting liquid, diluted with three times 
its volume of water at 50°C. and allowed to cool, deposited crystals of 
edestin. The protein was recrystallized five times from a 10 per cent 
sodium chloride solution and three times from a 7.5 per cent sodium nitrate 
solution by means of dilution. The resulting crystals were repeatedly sus- 

TABLE 1 

Analysis of pi olein preparations 

CHLORIDE ANAIY8I8 ASH 

ANALYSIS 

N/10 hydro- Protein Nitric Silver Ash per 
chloric acid added ax id chloride gram of 

added (approxi added obtained protein 

mate) 

vi 1 grunts ml grama mg 

0 00 20 100 0 0002 

20 00 0 0 0 2866 

20 00 0 100 0 2867 

20 00 0 100 0 2866 

20 00 15 100 0 2866 2 19 

20 00 10 100 0 2865 2 71 

20 00 15 100 0 2868 0 0 

20 00 10 100 0 2867 0 1 

20 00 15 100 0 2868 0 0 

20 00 10 100 0 2866 0 1 

20 00 15 100 0 2864 5 42* 

20 00 10 100 0 2867 5 45* 

* The amount of ash due to iron is given variously as 4 8-6.7 mg per gram of 
hemoglobin. 

pended in water and centrifuged until free from electrolytes (see table 1). 
By placing the protein in water in a volumetric flask and adding a slight 
excess of 0.1 iV sodium hydroxide a solution was obtained. The amount 
of alkali added was noted. The liquid was made up to volume and used 
as a stock solution. 

Excelsin 

This protein was also prepared by a modification of the Osborne method 
(11). The oil contained in a meal of finely ground Brazil nuts was ex¬ 
pressed. The resulting* solids were extracted with a 10 per cent sodium 
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nitrate solution, and the protein recovered from this liquid by the addition 
of anhydrous sodium sulfate to 22 per cent by weight at a temperature of 
37°C. According to Howe (12) this procedure completely precipitates 
globulins. The resulting precipitate was ground with 20 per cent sodium 
nitrate to dissolve it and the solution diluted with ten times its volume of 
water. A white amorphous precipitate settled out. The solid was three 
times dissolved in 20 per cent sodium nitrate and precipitated by dilution. 
The white amorphous material was finally dissolved in a minimum of 20 
per cent sodium nitrate solution, placed in cellophane sacs, and dialyzed 
against running tap water for three days and against distilled water for 
three days. The precipitated globulin so obtained was pure white and 
crystalline. It was washed four times by suspending in water and cen¬ 
trifuging. From the electrolyte-free preparation (see table 1) a stock 
solution of the globulin was made up in the same manner as that of 
edestin. 


Hemoglobin * 

This conjugated protein was prepared according to the method of 
Stadie (13) by electrodialyzing fresh horse cells that had been previously 
washed four times in physiological saline solution. The crystals obtained, 
however, as noted also by Burk (14), even after washing with ice-cold dis¬ 
tilled water,^contained considerable quantities of salt, either bound or free. 
Therefore the crystals were dissolved in water and the cell debris removed 
by adding quantities of toluene and centrifuging—the stroma either be¬ 
coming suspended in the toluene layer or settling to the bottom of the 
cup. The clear solution was once more electrodialyzed until salt-free (see 
table l). 

Reduced hemoglobin, used in these investigations, was obtained by 
evacuating the bottles containing the oxyhemoglobin, passing hydrogen 
through the solutions, and working with them in an atmosphere of hydro¬ 
gen. Stock solutions had a pH of 6.75 and a conductivity of 4.8 X 10~ 5 
mhos. 

During the preparation of these proteins adequate amounts of c.p. 
toluene were added as a preservative. The proteins were used immediately 
after they were prepared, or stored, when necessary, in the ice-box under 
toluene. 

To prepare electrolyte-free egg albumin and hemoglobin for the deter¬ 
mination of their molecular weights by means of osmotic pressure measure¬ 
ments, Burk (14) used practically the same procedures as were described 
above. His values for the molecular weights agreed well with those ob- 

* The authors are indebted to Dr. B. Crieley of the Lederlc Laboratories for kindly 
supplying them with fresh horse cells. 
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tamed by means of other methods. This would indicate that electro¬ 
dialysis of these protein solutions produced no deleterious effects. 

Thallous chloride 

The saturating salt was Kahlbaum’s “zur Analyse thallous chloride, 
recrystallized twice from distilled water and twice from conductivity 
water. 


Sodium hydroxide 

The 1.0 N alkali was made from a saturated chloride-free, carbon dioxide- 
free solution of Kahlbaum’s sodium hydroxide from metallic sodium, by 
dilution with carbon dioxide-free water. 

EXPERIMENTAL 

The solubility of thallous chloride in water was determined as follows. 
Approximately 10 g. of saturating salt was suspended in 200 ml. of con¬ 
ductivity water in each of six glass-stoppered Pyrex bottles, and rotated 
for twenty-four hours in a water thermostat at a temperature of 25.00 db 
0.01°C. The salt was allowed to settle in the bottles in the thermostat and 
the saturated solutions filtered through cotton by means of a pressure 
syphon into glass-stoppered flasks. Samples of the solution were weighed 
out and chlorides determined gravimetrically as silver chloride. 

An average of eighteen determinations involving three equilibrations 
gave the solubility of thallous chloride in water as 0.01612 zt 0.00003 moles 
per 1000 g. of water. This value checks with that of Bray and Winning- 
hoff (15). In four of the determinations the solvent was saturated with 
toluene. No change in solubility resulted. The toluene with which the 
protein solutions were saturated, therefore, is a negligible factor. 

In determining the solubility of thallous chloride in the proteinjsolutions 
the same method of equilibrating and filtering was used, the solvent, how¬ 
ever, being the protein solution. These solutions were made up by deter¬ 
mining the per cent of protein in the stock solutions either by the Kjeldahl 
or the dry weight method. These gave concordant results. The nitrogen 
factors taken are as follows: Egg albumin 15.56 (16), edestin 18.69 (10), 
excelsin 18.30 (11), hemoglobin 16.86. 

The solutions were then made up by weight from the stock solutions 
and the calculated amount of 1.0 iV sodium hydroxide added. 

A sample was removed for the determination of its pH. 

The bottles containing the thallous chloride were washed three times with 
distilled water, then once with the appropriate protein solution before 
equilibrating. 

The following procedure for determining chlorides in the protein solu¬ 
tions gave a maximum e v ror of 0.3 per cent on solutions of known chloride 
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content (see table 1). To weighed samples of the solution of approximately 
100 g. a 60 per cent excess of silver nitrate dissolved in concentrated nitric 
acid was added. One hundred ml. of concentrated, chloride-free nitric 
acid was added to the solution and a few drops of caprylic alcohol to pre¬ 
vent foaming. The beakers were covered with watch glasses and digested 
overnight on a hot plate. The protein entirely destroyed by the nitric acid 
left the silver chloride coagulated and easily filterable. The solutions were 

TABLE 2 


Effect of time on the solubility of thallous chloride in an excelsin solution at 25°C 


PROTEIN CONCENTRATION PER 
KILOGRAM OP WATER 

TIME OK EQU1I IBRVTION 

MOI ALITY OF THALLOUS CHI ORIDB 

grams 

hours 


V> 52 

24 

0 01984 

.35 52 

72 

0 01985 

35 52 

120 

0 01985 

35 52 

168 

0 01985 


T\BLE 3 


Activity coefficients of 


PROTEIN 


Egg albumin 


Hemoglobin 


thallous chloride in isoelectric, clcclrolyh-tree prolan solutions 


CONCENTRATION 

OP PROTEIN IN 
GRAMS PER KILO¬ 
GRAM OK WATER 

MOLALITY OP 
THALLOUS 

CHLORIDE 

-loKYdbTICl 

5 61 

0 01622 

0 0730 

11 13 

0 01624 

0 0736 

19 31 

0 01640 

0 0780 

29 63 

0 01646 

0 0793 

39 14 

0 01647 

0 0796 

47 49 

0 01667 

0 0850 

10 79 

0 01620 

0 0724 

15 16 

0 01631 

0 0755 

22 77 

0 01638 

0 0773 

26 85 

0 01648 

0 0800 

31 03 

0 01657 

0 0824 


allowed to cool to room temperature; the precipitate was washed thor¬ 
oughly by decantation, filtered, and weighed. 

The hydrogen-ion concentration of the solutions was determined at 25°C. 
by means of a Clark rocking electrode. Tenth normal hydrochloric acid 
was the reference standard, its pH being assumed to be 1.08. The hydro¬ 
gen used was purified by passing it over copper at 650-700°C. 

The densities of the solutions were measured by means of a Westphal 
balance at 25.0 ± 0.5°C. 

In order to determine the time necessary for equilibrium to be attained 



TABLE 4 


Activity coefficients of thallous chloride in protein solutions of varying “ionic strengths” 


PROTEIN 

GRAMS OF 
PROTEIN 
PER KILO¬ 
GRAM or 
WATER 

pH or 

PROTEIN 

SOLU¬ 

TIONS 

C OH - OF 

SOLUTIONS 

x io» 

MOLALITY 

or 

THALLOUS 

CHLORIDE 

- log t* 



’ 

1 228 

12 25 

25 00 


fmm\ 


0 275 


2 455 

12 23 

25 00 


EKS 

EpS 



4 910 

12 19 

25 00 


0 1272 


0 317 


10 05 

12 00 

25 00 




0 477 


20 11 

11 76 

25 00 


EES3 

SIP Is 

0 511 


30 16 

11 44 

25 00 


0 1778 

0 338 

0 526 


40 22 

11 02 

25 00 


0 1724 

0 329 

0 511 

Egg albumin 4 

50 27 

10 43 

25 00 


0 1645 

0 312 

0 418 


20 00 

5 03 

1 00 


0 0799 

m 

0.132 


20 00 

5 50 

2 50 


0 0839 

BE 

0 151 


20 00 

6 34 

5 00 


0 0917 

Bi 

0 201 


20 00 

10 64 

10 00 


0 1195 

0 219 

0 314 


20 00 

11 78 

25 00 


0 1729 

0 331 

0 507 

l 

20 00 

12 31 

50 00 


0 2063 

0 378 

0 552 


5 001 

12 22 

25 00 


0 1226 

0 229 

0 497 


10 002 

12 16 

25 00 


0 1313 


0 599 


20 00 

12 01 

25 00 



0 264 

0 786 


30 01 

11 84 

25 00 


0 1545 


0 916 


40 01 

11 62 

mm 


0 1584 




50 01 

11 38 







4 536 

12 80 




0 316 


Edestin 

13 61 

12 77 




Vi ‘ : m 

0 678 


24 95 

12 72 



nKgjlg 

0 403 

1 018 


45 36 

12 63 

100 00 


] 


1 272 


20 00 

11 21 

10 00 


0 1047 


0 595 


20 00 

11 81 




0.261 

0 836 


20 00 

12 11 



Eilplff 


0 877 


20 00 

12 27 



1 

Klllffi 

0 973 


20 00 

12 40 





0 962 


3 058 

12 24 




0 223 

0 439 


6 115 

12 21 





0 517 


9 173 

12 16 



B 


0 622 


18 35 

12 03 




bbss 

0 795 


36 69 

11 62 





1 023 

Exeelsin 

55 04 

11 16 



E-w- 

E^ 

1 004 


20 00 

10 43 




Bf'' ” 



20 00 

11 25 



b 




20 00 

11 84 



HHSffr 

Bp? 

0 627 


20 00 

12 14 


0 01922 

B 

B 

0 619 


20 00 

12 30 


0 01975 

Bpj* 

In 

0 704 


, 20 00 

12 43 


liEB 

ms 

m 

m 


940 
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TABLE 4 —Concluded 


PROTEIN 

GRAMS OF 
PBOTKIN 
PKB KILO¬ 
GRAM or 
WATER 

pH or 

PBOTKIN 

SOLU¬ 

TIONS 

C OH - or 

SOLUTIONS 

x io« 

MOLALITY 

or 

THALLOUS 

CHLORIDK 

- 

log 7 * 

v'r 




2 

949 

12 

22 

25 00 

0 01777 

0 

1126 

0 257 

0 236 



5 

529 

12 

12 

25 00 

0 01801 

0 

1185 

0 314 

0 273 



7 

372 

12 

09 

25 00 

0 01771 

0 

1113 

0 320 

0 276 



10 

30 

12 

01 

25 00 

0 01834 

0 

1264 

0 331 

0 686 



20 

60 

11 

58 

25 00 

0 01943 

0 

1514 

0 373 

0 813 



30 

90 

11 

10 

25 00 

0 02003 

0 

1648 

0 360 

0 781 



41 

20 

10 

70 

25 00 

0 02014 

0 

1671 

0 333 

0 709 



51 

50 

10 

35 

25 00 

0 02009 

0 

1660 

0 310 

0 646 

Hemoglobin 


20 

00 

6 

96 

0 50 

0 01647 

0 

0796 

0 131 

0 144 



20 

00 

6 

84 

0 10 

0 01692 

0 

0915 

0 130 

0 135 



20 

00 

6 

67 

0 05 

0 01651 

0 

0808 

0 128 

0 127 



20 

00 

7 

28 

1 00 

0 01581 

0 

0618 

0 128 

0 133 



20 

00 

7 

81 

2 50 

0 01602 

0 

0675 

0 137 

0 166 



20 

00 

8 

65 

5 00 

0 01645 

0 

0792 

0 160 

0 246 



20 

00 

10 

41 

10 00 

0 01752 

0 

1065 

0 220 

0 423 



20 

00 

11 

52 

25 00 

0 01939 

0 

1506 

0 252 

0 461 


tr 

20 

00 

12 

28 

50 00 

0 02005 

0 

1652 

0 438 

0 925 


between the saturating salt and the solvent, and also to determine whether 
the solubility of the thallous chloride in the protein solutions varied with 
time owing to the action of the alkali on the protein, a time curve was made. 
Excelsin was dissolved in a solution of sodium hydroxide so that the alkali 
was 0.025 molal and the protein concentration 35.52 g. per 1000 g. of water. 
This solution was equilibrated in the usual manner with the thallous chloride 
crystals. Samples were removed and analyzed at the end of one, three, five, 
and seven days. The results are tabulated in table 2. It can be seen 
that the solubility of the thallous chloride is constant over the period of a 
week’s equilibration, and that twenty-four hours of rotating the solution 
with the saturating salt is sufficient for equilibrium. 

DISCUSSION 

Tables 3 and 4 summarize the data and results of these experiments. 
The first table gives the negative logarithm of the activity coefficient of 
thallous chloride in the presence of isoelectric, electrolyte-free protein, 
calculated according to the equation (17) 
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Figure 1 is a plot of the data in table 3 and some of that in table 4 with 
—log y ± as ordinates and grams of protein per 1000 g. of water as abscissae. 
The lowest curve represents the effect of varying concentrations of iso¬ 
electric protein, without the addition of alkali, upon the negative logarithm 
of the activity coefficient of thallous chloride. The points fall on a 
straight line, the slope of which is quite small. Isoelectric, electrolyte-free 
protein, even in high concentrations, does not greatly effect the solubility 



Fia. 1 . Effect on the Activity Coefficient of Thallous Chloride of Va.R'ung 
Concentrations of Isoelectric, Electrolyte-free Protein Solutions, of 
Protein Solutions in 0.025 N Sodium Hydroxide, and of Protein Solu¬ 
tions in 0.1 N Sodium Hydroxide 

of the saturating salt. If the decrease in the activity coefficient of the 
saturating salt be due to interionic effects, then isoelectric protein might be 
expected not to raise the solubility at all. However, at their isoelectric 
points proteins, on the basis of the zwitter ion theory, have a high total 
charge in spite of the fact that their net charge is zero—the number of 
positive and negative charges on the molecule being equal. In addition 
there probably exist a few molecules having a small net positive or negative 
charge which would be expected to cause a rise in the curve. 

If base is added to an isoelectric protein solution, the molecules of the 
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ampholyte acquire a net negative charge. Their effect on the activity 
coefficient of an ion may now be a function not only of the protein concen¬ 
tration but also of the charge on each individual protein molecule. As a 
first assumption one might expect the charged protein molecules to affect 
the activity coefficient of electrolytes as if they were contributing to the 
ionic strength an amount equal to the product of the square of their valence 
by their molality. Then in dilute solutions one should find, according to 
Debye (19), 

— log y ± » 0.505 a/m (2) 

The number of hydroxyl ions bound in a protein solution is obtainable 
from pH measurements. The protein concentration being known, the 
protein molality and its contribution to the “ionic strength” may be calcu¬ 
lated if a value be assumed for the molecular weight of the protein. 

The points on the curve in the middle portion of the graph (figure 1) 
represent the effect of varying concentrations of protein in 0.025 N sodium 
hydroxide upon the negative logarithm of the activity coefficient of thallous 
chloride. It may be seen that the rise is at first linear with increasing 
protein concentration. Soon the curve slopes off and a maximum is 
reached after which —log y ± falls with higher concentrations of ampholyte. 

When high protein concentrations are employed, there is insufficient 
sodium hydroxide present to convert the molecules into their most basic 
sodium salt. These molecules, binding less base, do not raise the ionic 
strength of the solution as much as protein molecules at their maximum 
binding capacity. For this reason, as the protein concentration increases 
the ionic strength increases to a maximum. Then, beyond the point 
where it has combined with all the base present, the curve falls off. Further 
addition of protein serves to decrease the ionic strength. This phenomenon 
will again be noted when —log y ± is plotted against \/g. 

In the case of hemoglobin, the curve does not rise linearly at first. This 
protein does not seem to behave like the others, as has been noted through¬ 
out the investigation. These abnormalities and the importance of hemo¬ 
globin biologically indicate that this protein merits further study. 

The uppermost curve represents the effect of varying concentrations of 
edestin in 0.1 N sodium hydroxide upon —log y ± . Here a linear relation¬ 
ship exists, at least up to a protein concentration of 5 per cent. In this 
case there is sufficient alkali to satisfy the maximum binding capacity of 
the highest concentrations of edestin used. An increase of protein con¬ 
centration in such alkaline solutions produces an increase in the ionic 
strength of the solution and a corresponding rise of —log 7 ± . 

Figure 2 is a graph of the data in table 3, with —log 7 ± as ordinates and 
V/x, (on the basis of the molecular weights of the proteins as determined by 
Svedberg) as abscissae. Points were obtained for constant protein (2 per 
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cent) and varying alkali concentrations, and also varying protein and con¬ 
stant amounts (0.025 N) of sodium hydroxide. 

It will be noted that the points fall approximately on the straight dotted 
lines in the case of egg albumin, edestin, and excelsin. Hemoglobin seems 
to be at variance with this linear relationship. 

However , according to equation 2 the slope of these lines should be 
0.506, at least in the solutions of lowest ionic strength. A broken line of 
such slope is drawn on the graph. All the observed values fall below the 



OZO 0 40 0 60 0 60 1 00 


Fig. 2. Influence of the “Ionic Strength" of Protein Solutions, Calculated 
on the Basis of Svedberu’b Molecular Weights, on the Activity 
Coefficient of Thailous Chloride 

theoretical. The ionic strengths were therefore recalculated, varying the 
apparent molecular weight, in order to obtain the theoretical slope. It 
was found that if an apparent molecular weight of 11,400 be assigned to 
each of the proteins, the ionic strength calculated on that basis would give 
points which lie on the same straight line having a slope of 0.505. 

Table 4 gives these calculations and may require further explanation as 
to the method and theory involved. The molality has been computed by 
dividing the concentration of the protein, given in grams per 1000 g. of 
water, by the apparent molecular weight of 11,400. This value was 
assumed to be the same for all the proteins. Column 3 gives the pH as 
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determined electrometrically. The concentration of hydroxyl ions was 
calculated from the pH on the basis that 

aH + X aOH- - aH 2 0 - 10"“ at 25°C. (3) 

aH + X [OH’] 7 0H " 10 ‘ 14 ( 4 > 

log [OH - ] « 14 - pH + log 7 OH - ( 5) 

Since the activity coefficients of all uni-univalent electrolytes have approxi¬ 
mately the same value at low ionic strengths, it was believed justifiable to 
assume yoh- equal to y±ticl- 

Knowing the amount of hydroxyl ion added to the protein in the form of 
sodium hydroxide, and knowing the calculated value of the hydroxyl ion 
concentration of the solution after the addition of alkali, a simple subtrac¬ 
tion gives the base bound by the protein. The apparent valence is the 
concentration of base bound divided by the molality of the protein, or the 

TABLE 5 


Densities of protein solutions at 25° C. 


PER CENT PROTEIN 

BOO AT BU MIN 

EDE8TIN 

EXCEL8IN 

HEMOGLOBIN 

0 5 

0 9993 

0 9992 

0 9991 

0 9992 

1 0 

1 0012 

1 0012 

1 0011 

1 0012 

15 , 

1 0030 

1 0030 

1 0031 

1 0030 

2 0 

1 0045 

1 0048 

1 0050 

1 0046 

2 5 

1 0058 

1 0064 

1 0067 

1 0060 

3 0 

1 0070 

1 0079 

1 0083 

1 0073 

3 5 

1 0080 

1 0092 

1 0097 

1 0084 

4 0 

1 0090 

1 0105 

1 0110 

1 0094 

4 5 

1 0098 

1 0117 

1 0122 

1 0103 

5 0 

1 0105 

1 0128 

1 0134 

1 0112 


base bound per molecule of protein. These figures are not whole numbers, 
but rather an average valence. Owing to the complex structure of the 
proteins and the many dissociable hydrogen ions, at any instant not all the 
molecules may bear the same number of charges. It is rather the time 
average of the net charge that is important, giving an average valence. 

From these data the “ionic strength” of the protein solutions may be 
calculated, which, when added to the ionic strength due to the residual 
sodium and hydroxyl ions and the dissolved thallous chloride, gives the 
total ionic strength of the solutions. This quantity changed from a weight 
to a volume basis by the aid of the table of densities (table 5) is given in 
column 7, since p in equation 2 is calculated from molarities, not from 
molalities. 

Values of Vp, tabulated in column 8 were calculated in a precisely 
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similar maimer employing the particle size or molecular weights of Sved- 
berg, measured by the ultracentrifuge method. Egg albumin was taken 
as 34,500 (20), hemoglobin as 68,000 (21), and edestin and excelsin as 
212,000 (22, 23). It is these values that were used in the graph, figure 2. 

In figure 3 the square roots of the ionic strengths as calculated in column 
7 are plotted as abscissae and the values of —log y ±f column 6, as ordinates. 

Egg albumin, excelsin, and edestin conform very well to the straight 
line curve of slope 0.505. The hemoglobin points, however, scatter 
around the line. Several different preparations were used. All showed 
the same effect. 



Fia. 3. Influence of the “Ionic Strength” of Protein Solutions, Calculated 
on the Basis of an Assumed Molecular Weight of 11,400, on the Activity 
Coefficient of Thallous Chloride 

The points with arrows are those where the protein concentration is 
high; the ionic strength having reached a maximum the points have fallen 
back on the line below the maximum. 

Ihe fact that the negative logarithm of the activity coefficient is a 
linear function of the square root of the ionic strength calculated as above 
would indicate that sodium proteinates behave similarly to typical electro¬ 
lytes. This is true even though the apparent valence of the protein be as 
high as 15, giving good accordance with the Debye limiting law up to ionic 
strengths as high as 0.18 when the molecular weight of 11,400 is assumed 
for each protein. However, this should be regarded as an interesting 
empirical gencralizatiqn rather than as an indication that there really 
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exist units of weight 11,400 and of high valence which behave in so simple 
a manner. The uniformity of action indicates an underlying similarity in 
the interaction between electrolytes and proteins of widely different 
character. 

Perhaps the theory of polyvalent protein ions and their effect on the 
thermodynamic environment should consider the spacing of charges in 
addition to the net valence calculated on the basis of molecule size. 

It must be noted that some solutions were quite alkaline—the pH rising 
from the isoelectric point as high as 12.5. At high pH values there might 



Fig. 4. Corrected and Uncorrected Titration Curvek of Hemoglobin and Egg 

Albumin 

be a disaggregation of the protein mto smaller units. Svedberg (23) 
noted this phenomenon while determining the molecular weights of 
edestin and excelsin. Near the isoelectric point the weight was 212,000 d= 
4,000 but above the pH of 10.5 the molecules broke down into units having 
a weight of 34,500; he suggests that proteins are built up of these units 
(24). The “apparent molecular weight” found in the present investigation 
is 11,400, one-third of the unit 34,500. 

In spite of the fact that the pH values cover a wide range over which, 
according to the above, a progressive disaggregation should occur, there is, 
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except in the case of hemoglobin, no deviation from a linear relation 
between —log y ± and vV exceeding the experimental error. 

Figure 4 is a plot of the titration curves of egg albumin and hemoglobin. 
The base bound per gram of protein is plotted as ordinates; the pH as 
abscissae. The data was taken from table 4. 

When the base bound is calculated in the usual manner by subtracting 
the concentration of hydroxyl ions of the solution from the concentration 
added as sodium hydroxide, the [0H“] being obtained by the relationship, 

- log [OH-] - 14 - P H (6) 

the curves obtained are shown in solid lines and compare well with those 
found in the literature. 

However, the concentration of hydroxyl ions must be corrected by means 
of the activity coefficient (equation 5). Then the base bound will at high 
pH values be found to differ considerably from that calculated by the first 
method. The titration curves obtained from such data are given on the 
graph by means of a dotted line. It can be seen that these corrected 
curves coincide with the uncorrected up to pH 10. At higher pH values 
the corrected curve falls lower to the extent of 20 per cent from the uncor- 
rect< d. This correction factor of the activity coefficient is therefore 
necessary in order to obtain the true shape of a titration curve. 

SUMMARY 

1. The activity coefficient of thallous chloride in protein solutions was 
determined by means of solubility measurements. 

2. In isoelectric, electrolyte-free protein solutions the change in solu¬ 
bility of the saturating salt was small, showing that such protein solutions 
exert little effect. The negative logarithm of the activity coefficient in¬ 
creased linearly with protein concentration. 

3. The negative logarithm of the activity coefficient of thallous chloride 
was found not to be a linear function of the protein concentration in solu¬ 
tions of constant alkali content. A point of maximum solubility was 
obtained beyond which the solubility decreased in solutions of increasing 
protein concentration. 

4. With solutions of varying protein content and constant alkali con¬ 
centration, and varying alkali and constant protein concentrations, the 
negative logarithm of the activity coefficient of thallous chloride rose 
approximately linearly with increase in the square root of the ionic strength 
of the solution, calculated in accordance with certain assumptions. 

5. If the apparent molecular weight of all the proteins be assumed to be 
11,400, all points fell, except in the case of hemoglobin, on the same 
straight line of theoretical slope 0.505 when -log y ± was plotted against 

W 

6. A correction for titration curves was introduced. 
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On account of the technical importance of the iron-silicon alloys, con¬ 
siderable work has been done in recent years (1) on the constitution dia¬ 
gram of the system. Of particular importance both from the standpoint 
of the purity of the alloys used and the thoroughness of the investigation, 
is the work of Haughton and Becker, while the earlier work of Phragmen 
is also noteworthy. It appears that only the compound FeSi is accepted 
beyond dispute, while there is some doubt regarding the compounds Fe 3 Si 2 
and FeSi 2 (or Fe 2 Si 6 ). The existence of a compound corresponding to Fe 3 Si 
has been advanced by Corson; and Stoughton and Greiner, in their critical 
review of the literature and from their resistance study, also support Cor¬ 
son's view. *()n the other hand, Haughton and Becker, Phragmen, Mura¬ 
kami, and others deny the existence of Fe 3 Si. Phragmen claims it to be 
merely a distinguished point in the series of solid solution, particularly be¬ 
cause he found the limit of solubility to be 15.4 per cent silicon, as obtained, 
however, by extrapolation of the x-ray data. 

In all the work done so far, each investigator appeared to be merely pre¬ 
occupied with the interpretation of his results from a purely physical 
point of view, neglecting altogether considerations which would have been 
arrived at from a chemical standpoint. It is the writer's specific purpose 
to bring certain thermodynamic considerations to bear in the interpreta¬ 
tion of his results as well as the results of other investigators. Hence, 
emphasis in this paper will be on chemical and not physical methods. 

The writer has been particularly fortunate to have obtained through the 
kindness of Mr. K. Marsh of the Engineering Foundation Monograph 
Series, five samples of extremely pure iron-silicon alloys prepared in the 
Union Carbon and Carbide Research Laboratories, Inc. Some ordinary 
commercial iron-silicon alloys were also obtained from the Duriron Co., 
Dayton, Ohio. The composition of the alloys is given in table 1. It will 
be seen that the composition of the pure alloys in which the writer is mainly 

1 Present address: Research Institute of Physics and Chemistry, Directorate of 
Ordnance, Nanking, China. 
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interested lies v«y dose to that of Fe,Si. The -ample. “ 

the “as cast” condition and so they were annealed at about 900 C. for 15U 
hours in order to insure real equilibrium. 


TABLE 1 


Composition of the iron-silicon alloys 


NO 

PER CENT SI 

PER CENT fel 

BY ANALYSIS 

NO 

PER CENT Si 

PER CENT Si 

BY ANALYSIS 

1 

13 0 

12 39 

5 1 

17 0 

15 56 

2 

14 0 

13 11 

6* 

5 0 

4 92 

3 

14 5 

13 99 

7* 

25 0 

Not analyzed 

4 

15 0 

14 .50 

8* 

32 0 

Not analyzed 


* Commercial alloy. 



Fig. 1. Apparatus for the Determination of the Thermoelectric 
Characteristics of Iron-silicon Alloys 

THERMOELT CTRIC CHARACTERISTICS 

Corson (1) made a study of the change in the resistivity of the iron- 
silicon alloys with respect to the silicon content, but on account of the fact 
that he used specimens which were not sufficiently annealed to obtain 
real equilibrium, doubt has been cast on this phase of his work. It is well 
known that the true value of the resistance of alloys is very difficult to 
measure except in the form of a wire, but from a study of Corson's paper 
the writer is convinced that no systematic error can account for the very 
sharp cusp at the composition corresponding to Fe 3 Si. 

As a general rule, the resistance curve is parallel, if not congruent, with 
the thermoelectric curve, and since the thermoelectric characteristics can 
be studied much more accurately, the writer adopted this method to ascer¬ 
tain if a similar cusp could be found. As the specimens were only 2 to 6 
cm. in length and about 1.5 cm. in radius, a special but simple apparatus 
had to be constructed as shown in figure 1. The thermal e.m.f. was read 
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against pure nickel at 75°C. and 50°C. at the hot junction and at 0°C. at 
the cold junction. After considerable trial, we found that by stirring the 
mushy mixture of pulverized ice in water at a speed of 1500 r.p.m., while 
the hot water was stirred at a speed of only 500r.p.m., strictly reproducible 
results could be obtained. The millivolt meter used was calibrated against 
a standard cell on the Type K (Leeds and Northrup) potentiometer. The 
results of this study are shown in figure 2. 



ID 15 20 


Per cent Silicon 


Fi«. 2. The Thermoelectric Characteristics of Some Iron-silicon Alloys 

against Nickel 

The temperature coefficient (a) is also given 


The sharp cusp in the resistivity-coinposition curve obtained by Corson 
is thus confirmed in figure 2, and since the composition of the alloys used 
by the writer varied by only small increments, the cusp may be placed with 
some certainty at exactly 14.35 per cent silicon, corresponding to the com¬ 
pound Fe 3 Si. As Corson properly pointed out, the resistivity-composition 
curve he obtained is characteristic of a binary system of two metallic com¬ 
ponents forming a continuous series of solid solutions, either or both of 
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which components may also be a truly intermetallic compound. Hence, 
if the alloy corresponding to the composition of 3Fe/Si were only a dis¬ 
tinguished solid solution, the resistivity-composition curve should reason¬ 
ably be expected merely to vary continuously from the resistivity of pure 
iron to that of 3Fe/Si without passing through a maximum, as was obtained 
by Corson. If we consider a truly metallic compound as one that is charac¬ 
terized by low resistivity, then Fe 3 Si (hereafter designated as <*> for con¬ 
venience) is a metallic compound of the shared electron type, i.e., a non¬ 
polar compound. 

THE ELECTRODE POTENTIAL OF IRON-SILICON ALLOYS 

The electrode potentials of alloys are very significant characteristics of 
their condition in the heterogeneous systems, i.e., whether compounds or 
solid solutions are formed. Suppose we have a cell with pure iron as one 
electrode and an iron-silicon alloy as the other electrode, both being 
immersed in the same solution of electrolyte (such as ferrous sulfate); then 
when a current passes through the cell, a certain quantity of iron is trans¬ 
ferred from the pure iron electrode to the alloy electrode, thus 

Fe(pure) = Fe(in solid solution); A F == RT In a = —NEF 


Hence, 


E « -( RT/NF ) In a' « - k In a' (1) 

when the activity of pure iron is taken as unity and a' represents the activ¬ 
ity of iron in the solid solution. It is noteworthy that the electrode po¬ 
tential in equation 1 is independent of the nature and concentration of the 
electrolyte used, provided N is the same. 

In the case of an intermetallic compound acting as an electrode, the 
problem becomes much more complicated, as we no longer have an essentially 
ionic transfer following the Faraday law of electrolysis. This is due to the 
fact that intermetallic compounds, as a rule, are not of the polar type. The 
electrode potentials thus obtained may be meaningless, in regard to their 
thermodynamic significance, being perhaps nothing better than the polariza¬ 
tion potentials. Nevertheless, even the polarization potential is also charac¬ 
teristic of the compound and that compound alone, and is, therefore, sig¬ 
nificant in revealing the presence of a particular compound. 

In figure 3 is shown the experimental set-up for the determination of the 
electrode potential of the iron-silicon alloys against pure iron. The elec¬ 
trolytic hydrogen was first purified in a pyrogallic acid train, then in a 
platinized asbestos train, heated to about 500°C., and then bubbled through 
the boiling distilled water in the flask A, the stirring helping to rid the water 
of any dissolved gases*on account of their mutual solubility (i.e., providing 
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a gas-gas interface). After the water had been boiled for thirty to forty- 
five minutes, a cooling vessel was introduced under the flask. When the 
water had reached room temperature, the measuring bulb B was evacuated 
by a pump, and water was allowed to flow in from the reservoir flask A. 
This operation was repeated, so that the second time we were more certain 
that the bulb B contained only gas-free water. The requisite amount of 
the FeS 04 * 7 H 2 0 salt to make a Af/10 solution was placed in the cell chamber 
0 and the electrodes introduced as shown in figure 3. The cell chamber 
was then evacuated and hydrogen allowed to flow in. Stopcocks Nos. 2 
and 3 were then opened, so that the flowing hydrogen could force the water 
from the measuring bulb B into the cell chamber C. During the course of 
the run, hydrogen was bubbled through the solution at the rate of a bubble 
per second. The potential was measured on a Type K potentiometer. 



Fig .1. Apparatus for the Determination of the Electrode Potential of 
Iron-silicon Alloys against Pure Iron 

The electrolytic iron electrode was kindly prepared for the writer by Mr. 
T. S. Fuller of the General Electric Research Laboratory. It had been 
previously remelted twice under very high vacuum. The ends of the 
electrodes were polished in the same manner as for metallographic exami¬ 
nation. It was found that without proper etching, the cell did not come 
to equilibrium for as long as two weeks. After many trials, it was finally 
decided to use the ordinary HF-HNOr-glycerine etchant as well as aqua 
regia. The latter drastic treatment was found necessary in order to re¬ 
move the effect of cold-working during the process of polishing. In order 
to remove any surface inequalities due to preferential dissolution, all alloys 
were again repolished lightly and etched with a weaker solution of HF-llNOr- 
glycerine. The electrodes, with the exception of the polished surface, were 
given a smooth coating of paraffin. 
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A few words may be said regarding the process of recrystallization of the 
FeS0 4 -7H 2 0 salt, as it is very difficult to keep in a reduced state. In the 
preliminary part of the work, considerable trouble with oxidation of 
the ferrous salt solution was encountered, but when the recrystallized salt 
was later used, the trouble disappeared altogether. Baker’s ordinary c. p. 
brand of the salt was dissolved in freshly distilled water to form a saturated 



Fig. 4. The Change in the Electrode Potential of an Iron-Iron-silicon 
Alloy with Respect to Time 
Note that the equilibrium is approached from both sides 

solution. Then 95 per cent alcohol saturated with paraffin was added to 
precipitate the hydrate, FeS0 4 • 7H 2 0. 2 The salt was collected and allowed 
to dry on porous porcelain and then kept in a bottle covered with black 
paper. In this way, on account of the adsorption of the paraffin on the 
surface of the salt, the ferrous salt was well protected from oxidation for a 
long time. 

2 The salt was merely assumed to be the heptahydrate; no actual analysis was 
made. 
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In figure 4 is shown a typical example of how an iron-silicon electrode 
comes to an equilibrium in the cell. The upper curve is that due to the 
alloy electrode that was etched in boiling aqua regia, while the lower curve 
is that due to the alloy that was etched less drastically with the HF-HNOs- 
glycerine etchant. While the upper curve suggests polarization phenomena, 
the lower curve proves that this is not the case. The fact that equilibrium 
is approached from both sides indicates that the cell is apparently reversible. 
In the absence of other pertinent thermal data (e.g., entropy, heat of forma-, 
tion, etc.), we are unable at present to interpret the actual significance of 



Fig. 5. The Electrode Potential of Some Iron-silicon Alloys 

the electrode potential, although the activity of iron can be directly calcu¬ 
lated from equation 1. In the range up to 5 per cent silicon (by weight) 
the electrode potentials are very small, so that the influence of impurities 
and surface conditions becomes marked; no attempt was therefore made 
to measure E nor dE/dT. 

Although theoretically the electrode potential of the 13.99 per cent 
silicon alloy should be much less than that of the compound 4>, the observed 
potential is, however, that of the compound as shown in figure 5. This may 
be attributable to the fact that after long annealing at high temperatures, 
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there must have been some tendency (present in all solid solutions) towards 
unmixing of the components in solution—in this case, apparently to iron 
and <f>. If the solute were silicon, we would hardly have obtained the poten¬ 
tial characteristic of </>. This suggests that the electrode potential method 
of determining the phase structure in an alloy is very sensitive. The ex¬ 
istence of a compound Fe 3 Si 2 (y) is also confirmed. That the compound 
is a result of a peritectoid reaction “<t> + e ^ y” is shown in a very interesting 
way as follows: a commercial 25 per cent silicon alloy showed a potential 
of about 0.725 volts in the “as cast” condition, indicating the presence of 
€, but another sample in the annealed condition showed a potential of about 
0.395 volts, which is the potential characteristic of y. It also appears from 
this observation that y does not form solid solutions with other impurities 
found in the commerical alloys and that the composition appears to be 
constant. The electrode potential of e is about 0.725 to 0.729 volts, con¬ 
siderably higher than that of y. 

MICHOSCOPIC 1 EXAMINATION OF THE ALLOYS 

For the purpose of correlating the results, a microscopic examination of 
the alloys was made. It is quite true, as Corson pointed out, that no metal- 
lographic evidence has ever been produced proving conclusively the existence 
of the compound y. In the hope that the compound y might not belong to 
the isometric system, the writer used a polarizing microscope (Reichert 
make) in an attempt to detect its presence in the 15.56 per cent silicon 
alloy, but no positive confirmation could be obtained. In the case of the 
13.99 per cent silicon alloy, the electrode potential indicates the presence of 
some <t> and so the alloy was studied intensively to ascertain if can be 
distinguished from the ordinary solid solution. An attempt to study the 
inner symmetry of </> by means of etch figures failed, because even boiling 
aqua regia did not yield etch figures. The specimen was then placed in a 
ferrous sulfate solution and allowed to oxidize in the air for about one month. 
This resulted in the production of some etch figures (square and rectangular 
pits), but they were located in places where their position could not be 
correlated with respect to the large grains. 3 It should be noted here, how¬ 
ever, that the microscopic evidence presented by Corson regarding the 
existence of <t> is highly questionable in value. The “bushings” he observed 
were probably due to strains produced either in the process of cooling from 
the melt or during the polishing operation of the metallographic samples. 

* It was hoped that if segregation of 0 had appreciably taken place within a large 
grain, the etch figures in one part of the grain might differ in orientation and shape 
from those in other parts of the grain where 0 is localized. The only indirect evi¬ 
dence of 0 in the sample lies in the fact that certain grains (rather small and located 
within a large grain) were apparently unattacked by any chemical reagent, however 
drastic the treatment. 
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X-RAY ANALYSIS OF THE ALLOYS 

Although Phragmen had made a careful x-ray analysis of the iron-silicon 
alloys he prepared, he did not use as pure alloys as the present writer has 
under investigation. The alloys, although already annealed for 150 hours 
at 900°C., were given another 150 hour annealing at the same tempera¬ 
ture and cooled down to room temperature in 24 hours in order to determine 
whether a hyperstructure might be formed in the alloys with less than 14.35 
per cent silicon, as a result of further unmixing of the components in solid 
solution. 

Although the accuracy of the x-ray measurements on films taken with 
the ordinary cassettes that come with the General Electric Co. apparatus 
is only of the order of J=0.005A., the absolute error can be minimized as 
follows: If we use as a standard for comparison pure iron, whose lattice 
parameter is known accurately, then as the effect of silicon is merely 
to shift the diffraction lines, the absolute length of any diffraction line 
from zero beam can be calibrated each time against the known (calculated) 
length of the corresponding line for pure iron. In this way, irrespective 
of the shrinkage of the film (which is about 12 in. long) or slight inaccuracies 
of the cassettes used, the absolute error is thus reduced to about dbO.OOlA. 
As a result of several sets of measurements, the lattice parameter of the 
electrolytic iron used by the writer was determined to be 2.86oA. The films 
were measured on a small “home-made” comparator accurate to about 
0.002 cm. 

The results of the present investigation are graphically shown in figure 6 
in comparison with those obtained by Phragmen. According to him, an 
alloy of the composition 3Fe/Si is merely a distinguished point in a series 
of solid solutions. The fact, however, that the lattice parameter of <f> 
obtained by the writer is the same as that found by Phragmen, while in the 
range of solid solutions appreciable differences occur, is cogent argument in 
support of the assumption that 4> is a compound. According to figure 6, 
the limit of solid solution is exactly that represented by <£. The difference 
in our results may be explained as follows: As unmixing takes place, the 
solid solution decreases in concentration with respect to silicon, hence, the 
fundamental lattice constant of the solid solution should increase accord¬ 
ingly. 4 We should, therefore, expect the diffraction lines of both the solid 
solution and </> to be present, but this was not the case. It should be 

4 Since this work was completed, the writer has been able to increase greatly the 
accuracy of the G. E. cassette by a special device, on which a patent is being obtained. 
The pure alloys were unfortunately spoiled in the course of some other experi¬ 
ments. However, the 5 per cent silicon commercial alloy was again analyzed and was 
found to have a lattice constant of 2 8562 A based on pure sodium chloride. 
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pointed out that the x-ray method is rather insensitive for the detection of 
small amounts of a second phase. 

With the composition represented by 3Fe/Si, it appears reasonable to 
assume with Phragmcn that if we take twice the size of the unit cell of iron 
and distribute the silicon atoms at the corners and face-centered positions, 
we have what corresponds to the hyperstructure of <j>, with a fundamental 
lattice constant of 5 . 630 A. On a film taken with a rotating Debye-Scherrer 
type of camera, the only additional line determined with some certainty 
was 311, although even mere faint traces were also found which could be 
ascribed to the 2 (100) and 2 (111) planes. Although this is thus a confirma¬ 
tion of the regular distribution suggested by Phragmen, the x-ray method 



Ptr cent SiUcon — By weight 

Fig. 6. The Change in the Size of the Unit Cell with Respect to Silicon 

Content 

cannot by itself determine whether is a solid solution or a compound, as it 
does not describe the force-field between the different atoms in the lattice. 


THERMODYNAMIC CONSIDERATIONS OF THE EQUILIBRIA 

A critical study of the original papers by Tammann, Kurnakow, Gonter- 
mann, Sanfourche, et al. y reveals that their results can be consistently inter¬ 
preted as showing a “singular point” in the liquidus-solidus curves at 
about 14.4 per cent silicon, although according to Haughton and Becker, 
the singular point is about 12.2 per cent silicon. If the singular point were 
at 14.35 per cent, then the phase diagram of the iron-silicon system could be 
easily represented as a composite of the following binary systems: Fe-FesSi, 
FesSi-FeSi, FeSi-FeSj 2 and FeSi 2 -Si. In such a case, the phase rule itself 
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justifies us, even in the absence of any kind of independent evidence, in 
treating Fe*Si as a compound. 

It can be shown from thermodynamics that in heterogeneous equilibria 
involving the melt and a solid that is a solid solution (2) 

d In (a/a') a A#a ,o\ 

d(l /T) R () 

in which a is the activity of A in the melt and a ' its activity in the solid 
solution. When we substitute mole-fractions for activities, equation 2 
reduces to 

d ln (NVN) A AH a . 

' d(l /T) “ R (3) 

so that if we plot In (n'/n) against 1 /T, the slope of the curve as (n'/n) = 1 
should give us the correct value of A// a , the heat of fusion of the pure solvent 
at its melting point. We are here required to make some a priori assump¬ 
tion regarding the nature of the solute, when the solvent alone is a pure and 
simple substance, like iron. In figure 7, curve I is calculated on the assump¬ 
tion that the solute is in the form of silicon atoms. We know from thermo¬ 
dynamic considerations that a positive deviation from Raoult’s law is nor¬ 
mally associated with an absorption of heat and an expansion in volume, 
and a negative deviation is accompanied with the opposite effects; the for¬ 
mer also indicates a tendency towards unmixing, while the latter indicates 
a tendency towards the formation of compounds (3). As ideal solutions 
are defined from the standpoint of Raoult's law, any deviation from Raoult's 
law will be indicated by the deviation from the ideal solubility curve. 5 

We note that curve I shows a large negative deviation, which thus indi¬ 
cates that the solute forms a compound with the solvent atoms. Hence, 
curve II is calculated on the assumption that the solute is Fe 3 Si, which is 
also evidently incorrect, as it gives 108.5 calories per gram as the heat of 
fusion of pure iron. We note, however, that curve II is linear for some 
range of temperature and concentration, and this constant deviation indi¬ 
cates a definite change in the ratio of molar concentrations, or, what is 
equivalent to it, a change in the total moles taking part in the equilibria. 
If we thus assume the solute to be (Fe 3 Si) 2 , 6 then we obtain curve III, which 

8 In a strict sense, when solid solutions arc involved in the equilibrium with the 
melt, the term ‘‘ideal solubility curve” is meaningless, as each solute will have a 
characteristic distribution constant. 

• It is indeed curious—perhaps entirely accidental—that all compounds in the 
iron-silicon system can be represented by Fe«Si n , where n is an even number. It 
may be recalled that silicon, like GeGe, GeAs, ZnSe, ZnS and CC (diamond) is of the 
covalent type and may be considered diatomic. In view of this fact, the assignment 
of the formula (Fe*Si)i or Fe 6 Si 2 becomes reasonable. 
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gives the correct heat of fusion of iron, 66 calories per gram as the curve 
approaches the concentration pure iron, that is, as (n'/n) = 1. 

Just what is the real significance of polymerized molecules of (FeaSi) 2 
existing in the melt and in solid solution, the writer is unable to say at 
present; neither is he interested in building up a mechanistic picture of such 
a compound. In the final analysis, provided the determination of the 
liquidus and solidus curve is sufficiently accurate and the heat of fusion of 
the solvent metal is known, the constitution of the solute in solution is 
revealed with some certainty by the thermodynamic laws relating to the 
depression of the freezing point. There are, of course, other sources of 
evidence of the reality of the existence of molecular solutes in the liquid 
state (e.g., studies in magnetic susceptibility, resistance, specific volume, 



0 o.ni 0.02 0.03 0.0+ 

lOf 

Fig. 7. The Log (n'/n).? 7 - 1 Curves Plotted According to Equation 3 

Raman spectra, etc.), although the existence of the molecular solute in 
solid solution is much more difficult to prove. Given a saturated metallic 
solid solution in equilibrium with some excess solid solute in the form of 
an intermctallic compound AB; the common conception is that AB is dis¬ 
sociated to A + B upon dissolution in the solid solution. It is difficult to 
conceive, from strictly thermodynamic considerations, of the solute mole¬ 
cules magically dissociated in solution and yet in equilibrium with the solid 
solute (AB) whose dissociation pressure may be extremely small. I have 
already pointed out elsewhere (4) that if this were true, it should then be 
easy enough to construct a perpetual machine by simply lowering and 
elevating the temperature of a saturated solid solution. 

In order to ascertain if the degree of error in the thermal analysis can 
adequately account for the displacement of curve II in figure 7 from the 
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ideal position, backward calculations were made on the assumption that the 
solidus is correct, as it was determined by Haughton and Becker by the 
Heycock-Neville method. 7 The calculated error in the location of the 
liquidus appears too large to be accounted for in this manner. The effect 
of silicon vapor on the reproducibility of a thermocouple is well-known and 
the accuracy of the thermal analysis of the primary solidification range may 
not be any better than d=5°C. On this assumption, the liquidus and solidus 
curves drawn by Haughton and Becker have been redrawn as shown in 
figure 8, in which (Fe 3 Si) 2 is shown to have a definite melting point at 
1250°C. 



Fig. 8. The Primary Solidification Range of Iron-silicon Alloys (after 

Haughton and Becker) 

STABILITY OF SOLID SOLUTIONS 

Some remarks regarding liquation (i.e., unmixing) and consequent segre¬ 
gation of the components in solid solution may not be amiss in this paper. 
Let us conceive of a metallic system, A and B, which forms a complete 
series of solid solutions and in which no compounds are formed in the melt. 
The free energy of the system is at a minimum when A and B are distributed 
in such a manner that any unit portion (say a unit cell) has the same free 
energy content as any other unit portion. It is obvious that in a cubic 
system this condition is attained in the solid state only when the atomic 
fraction is a multiple of 1/8 when the solute atoms can be assigned a definite 

7 The Heycock-Neville method involves quenching alloy specimens to successively 
higher temperatures and then examining the structure microscopically. The struc¬ 
ture will be quite characteristic when the solidus temperature is reached. 




964 


CHU-PHAY YAP 


position in the space lattice. This is the basis of Tammann's conception 
of regular distribution as “limits of resistance/' as opposed to Vegard's 
view of the atoms being statistically (irregularly) distributed. In the 
liquid state where the atomic (and molecular) mobilities are much higher 
than in the solid state, a statistical distribution satisfies our conception of a 
homogeneous system, characterized by the lowest free energy; on the other 
hand, a solid solution may be expected to approach true homogeneity only 
as it approaches some form of regular distribution. When a solid solution 
is truly homogeneous, its free energy per mole (or gram-atom) is given 
by the equation 

F =N,Fi + N 1F2 * RT( Niln oi -f N^ln a 2 ) ( 4 ) 

where F x and b\ are the partial molal free energies of transfer of A and B 
(indicated for convenience by subscripts 1 and 2, respectively) from the 
pure state to a solid solution of activities and a 2 , respectively. When the 
system obeys the laws of ideal solution, then a x = Ni and 02 = n 2 and their 
respective activities will vary linearly from 1 to 0 as shown in figure 9. The 
activity-composition curves (1') and (2') indicate a negative deviation, 
hence a tendency towards compound formation. 

If the activity-composition curves were something like those shown in 
figure 10, all solid solutions between the composition of X and Y will have 
a tendency towards unmixing, whilst between A and X and between Y 
and B, a strong tendency towards compound formation exists (5). The 
problem then arises as to which of these two opposing tendencies is the 
more dominant and under what conditions one is more likely to occur 
than the other. From strictly graphical analysis of the phase diagram, 
when the solidification range of the solid solutions is wide, we may rea¬ 
sonably anticipate the system to show a tendency to liquate. 8 When the 
liquidus and solidus curves are very close together, then the solid solutions 
will melt over such a small temperature range as to behave as a unary sub¬ 
stance, i.e., as a compound in this case. It should be noted, however, from 
phase-rule considerations, that as long as we have a solid solution, there 
will be a temperature range of melting, however small. 

The problem now arises as to whether or not a regular distribution is a 
compound. According to our strict interpretation of homogeneity (based 
on the elementary cell as a unit) a regular distribution merely represents 
an extreme form of an ideally homogeneous distribution in the solid state, 
but it is also self-evident that we are stretching the criterion of homogeneity 

1 This fact will become more evident when we recall that the phase diagram of two 
substances completely immiscible in each other in the solid and liquid states is given 
by two horizontal lines erected at their respective melting points, extending from one 
component to the other; if the liquidus and solidus curves become spaced wider and 
wider apart, naturally 'they will approach, as a limit, these two horizontal lines. 
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much further than is warranted even in the case of liquid solutions. It is 
thus quite conceivable that even if the unit of homogeneity were a thousand¬ 
fold larger than an elementary cell, an aqueous solution might likewise 
appear to be inhomogeneous, especially if the solute molecules were quite 
large. Let us, therefore, seek elsewhere some other criterion of the nature 
of a regular distribution. In the first place, it cannot be denied that some 
sort of chemical affinity is implicit in the tendency towards a regular dis¬ 
tribution, because there is absolutely no reason on the basis of probability 
why the solute atoms can be made to distribute so regularly in the space 




Mole Fraction B Mole Fraction B 

Fig. 9 Fig. 10 

Fig. 9. Activity-composition Curves 

The linear activity-composition curves 1 and 2 indicate that the solid solutions 
are ideal from A to B. The negative deviations of the activity-composition curves 
1' and 2' indicate a strong tendency to compound formation, although the compound 
formation is incomplete. 

Fig. 10. Activity-composition Curves 

The activity-composition curves indicate a tendency to compound formation 
between A-X and Y-B and a tendency to liquation between X-Y. 

lattice. If a regular lattice merely represents a special form of solid solu¬ 
tion, whose free energy is at a minimum, then the perplexing question 
arises as to why once the regular distribution is obtained, it can be des¬ 
troyed again by merely heating up to a certain temperature and cooling 
down rapidly. 

On the assumption that a regular distribution is a compound, the critical 
temperature then corresponds to a melting phenomenon in the solid state. 
When the solvent and solute atoms have some affinity for each other to 
form compounds, their size and shape must undergo some alteration as a 
result of the alteration in their electronic configurations (e.g., as due to 
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sharing of electrons) and consequently their crystallographic habits will 
likewise be modified. The larger the affinity, the more marked will the 
alteration be, so that the compound may actually crystallize in an entirely 
different system, although it should be noted that often it is simply a matter 
of changing the crystallographic axes of reference. 8 9 

It is certainly curious that a solid solution, in its tendency to liquate or 
unmix and to form a regular structure, behaves like a dispersed system. A 
system in which all the dispersed particles are of the same size and therefore, 
possessing the same surface energy per particle, may theoretically be 
expected to be rather stable and should show little or no tendency towards 
aggregation; it is only owing to the difference in the surface energy of 
the dispersed particles of varying size that we have a tendency towards 
aggregation, 10 which may eventually lead to two equally stable states, viz., 
(1) a state in which the dispersed particles finally aggregate into a single 
large particle and (2) a state in which all particles again assume the same, 
though larger, particle-size. The former state is equivalent to the liqua¬ 
tion tendency in solid solutions described above, while the latter is similar 
to the tendency to form a regular distribution. The writer hopes to work 
out these theoretical relationships in more detail in the future. 

SUMMARY 

1. On the basis of the results obtained in the study of some iron-silicon 
alloys of high purity, by means of the thermoelectric method, electrode 
potential measurements and x-ray crystal analysis, it is concluded that Fe 3 Si 
(<t>) is a compound and not merely a distinguished point in a series of solid 
solutions. The existence of Fe 3 Si 2 (y) and FeSi (e) is also indicated by the 
electrode potential measurements, without direct evidence, however, of 
their actual chemical composition. 

2. By the thermodynamic method of studying the depression in the 
freezing point, it is shown that the actual composition of <t> is (Fe 3 Si) 2 or 
Fe fl Si 2 . 

3. In the hope of helping to clarify some of our conceptions regarding the 
stability of solid solutions, the tendency to liquation (i.e., unmixing) and 
formation of regular distribution, has been discussed at some length from 

8 To illustrate: If A and B crystallize in the face-ccntered cubic system, but the 

regular distribution crystallizes in the body-centered tetragonal system with, say, 
c/a = 1.5. Then if we choose different crystallographic axes of reference for the face- 
centered cube and treat A and B as crystallizing in the body-centered tetragonal 
system with c/a = 1.414, the crystallographic differences become much less and more 
understandable. 

10 This is because the system is not in equilibrium, because although the usual 
parameters of the free energy (pressure, temperature, and composition) are defined, 
the change in the free energy with respect to the surface (bF/da) p,t,n has not been 
determined. Heme, the system will possess an additional degree of freedom. 
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the thermodynamic point of view. Reasons why a solid solution with a 
regular distribution should be treated as a compound, have been advanced. 

The facilities for carrying out this investigation in the Department of 
Chemistry, Washington Square College of New York University, were 
kindly provided by Professor Ehret (who read the proof in the absence of 
the author), and to him and to Professor King the writer desires to express 
his cordial thanks for their friendly interest and suggestions during the 
progress of the work. Special mention should be made of the diligent 
assistance of Messrs Diller and Abramson—the former for making the 
thermoelectric study, and the latter for taking numerous electrode po¬ 
tential readings. 
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The molecular weight of a polymer of phenylacetaldehyde when it was 
dissolved in seven solvents, was determined by one of us, using the freezing 
point method (1). The molecular weight was about 360 in six solvents, 
indicating the molecule (C 8 H 8 0) 8 , but the molecular weight was believed to 
be about 720 in bromoform and to indicate (C 8 H 8 0) 6 . It was thought 
that other examples of similar behavior might be found, especially among 
substances which exist in different modifications in the solid state or as 
amorphous solids. Such has not been confirmed, except for the associa¬ 
tion of some organic acids in benzene, bromoform, and paraldehyde to¬ 
wards the bimolecular form,—a fact which has long been known. More¬ 
over the high-molecular weight obtained for the phenylacetaldehyde 
polymer in bromoform was proved to be wrong; this result was due to the 
bromoform being moist (or impure). 

The molecular weights of the various solutes were found by Raoult's 
method, using Beckmann thermometers and working in a current of dry 
air when necesary. The approximations of the method have at least been 
more fully realized. Thus with aniline, for example, the supercooling was 
so serious that only the molecular weight of the phenylacetaldehyde 
polymer was determined in this solvent. And with anethole the super¬ 
cooling was so serious and the subsequent rate of crystallization so slow 
that correct freezing points could not be obtained. Again, the lag in a 
Beckmann thermometer is sometimes large, or there is a slow rise of the 
readings after a previous exposure to a higher temperature; also the 
exposed-stem correction may become appreciable, and variable if the sun¬ 
light falls directly on the thermometer. While the difference in the freez¬ 
ing points of solvent and solution should not, with the usual apparatus, be 
less than 0.1 °C. if results are to be obtained with an accuracy of about 2 
per cent, however, even with ordinary precautions the results may vary 
disconcertingly; also the theoretical imperfections from Raoult’s law, or 
from the behavior of ideal dilute solutions, may render the results approxi¬ 
mate. The variations in Raoult's constant, as quoted from different 
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observers for a given liquid, themselves indicate the approximations which 
may be expected in the molecular weights thus found (2). 

In our work the following were taken as Raoult’s constants, or the 
molecular depressions of the freezing point for 1 g. of solute in 100 g. of 
solvent:—benzene, 51; bromoform, 144; phenol, 72.7; acetic acid, 39, 
paraldehyde, 70.5; aniline, 58.7. 

A new sample of phenylacetaldehyde polymer was prepared by washing 
away the unchanged phenylacetaldehyde with alcohol, and then by drying 
the residue over sulfuric acid for a month. The polymer was subsequently 
kept over calcium chloride. The polymer consisted of definite needle- 
shaped crystals (rhombic ?). Its melting point was 104.5°C. Samples of 
this polymer were dissolved and recrystallized, or recovered, from carbon 
tetrachloride, benzene, and ether, as similarly shaped crystals. The melt¬ 
ing points of these samples were 103.5°C., 105°C., and 103.5°C., respec¬ 
tively, the lower values being probably the better. These samples had the 
same molecular weights in bromoform, benzene, and phenol within the 
limits of the experimental errors. 

A number of experiments with bromoform indicated that the molecular 
weights here seemed to come high readily, or the freezing points of the 
solutions tended to be high, which was disconcerting as in these experi¬ 
ments the maximum temperatures are usually taken as the true freezing 
points. Thus various samples of the phenylacetaldehyde polymer gave in 
bromoform the molecular weights 375, 389, 393, 294, and 360. Other 
experiments clearly showed that with moist bromoform high results were 
obtained for the molecular weights, and the first three of the above results 
are so affected; in the fourth result the depression of the freezing point was 
small, but the last experiment was done with every precaution to keep the 
bromoform dry. The bromoform is best purified by distillation, followed 
by drying over potassium carbonate, and by freezing out; it remains color¬ 
less over potassium carbonate. In the above experiments the depressions 
varied from 0.100°C. to 0.540°C., and the concentrations from 0.26 to 
1.46 g. of solute per 100 g. of solvent. 

In aniline the phenylacetaldehyde polymer had the molecular weight of 
335, this value being corrected for the supercooling (1.6°C.) of the solution, 
the concentration of which was 0.706. This solvent not only gave exces¬ 
sive supercooling but was also extremely hygroscopic. 

In phenol and in acetic acid the phenylacetaldehyde polymer also existed 
in the trimolecular form, which therefore was its constant form in all the 
solvents examined. 

Paraldehyde was found to be trimolecular in benzene, phenol, bromo¬ 
form, and acetic acid; it is also trimolecular in water (3). 

Metaldehyde was prepared from acetaldehyde; its melting point in a 
sealed tube was 140°C. Unfortunately it was not soluble in the solvents at 
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TABLE 1 

Molecular weights found 

The concentrations of the solutions (grams of solute per 100 g. of solvent) are 

given in parentheses. 


SOLLTB 

EMPIRI¬ 
CAL M 

SOLVENT 

Benzene 

Bromoform 

Phenol 

Acetic acid 

Paraldehyde 

Phenylacetaldehyde 

polymer 

120 ( 

356 M* 
(1 3-2 0) 

360 Mi 
(0 2-1 5) 

368 M, 
(0 86) 

363 Mi 
(0 60) 

403 Mi 
(0 38) 

Paraldehyde 

44 | 

132 M, 
(3 66) 

128 Mi 

(0 24-0 6) 

123 Mi 
(0 78) 

138 Mi 
(1 58) 


Anisaldehyde 

136 | 

142 M 
(2 1) 

149 M 
(0 57) 

145 M 
(0 82) 

148 M 
(1 90) 

— 

Ci nn am aldeh v de 

132 | 

136 M 
(1 3-2 4) 

148 M 
(0 43) 

133 M 
(0 48) 

114 M 
(0 89) 

— 

Bcnzophcnone 

188 | 

168 M 
(6 93) 

173 M 
(0 39) 

187 M 
(0 78) 

192 M 
(0 93) 

181 M 
(1 04) 

Phthalio anhydride 

* 

148 | 

— 


160 M 
(0 66) 

156 M 
(0 85) 

160 M 
(0 43) 


f 

264 M 2 

302 Mi 

161 M 

149 M 

243 M z 

Cinnamic acid 

148 <1 

11 




11 


1 

(0 53) M 

(0 27) 

(1 03) 

(1 3-0 6) 

(0 43) M 


( 

217 M 2 

269 Mi 

153 M 

150 M 

214 Mi 

Phenyl acetic acid 

136 { 

11 




It 


{ 

(1 04) M 

(0 59) 

(1 40) 

(1 50) 

(1 04) M 


( 

244* 

254 Mi 

137 M 

136 M 

194 Mi 

Ben/oic acid 

122 { 





11 


1 

a 4) 

(0 49) 

(1 26) 

(1 57) 

(0 97) M 

Rhombic sulfur 

32 | 

242 Mb 
(1 04) 

253 Mi 
(0 18) 

— 

— 

— 

Monoclinic sulfur 

32 | 

260 M 8 
(0 45) 

246 Mi 
(0 45) 

— 

— 

— 


* Roloff: (1895). See Seidell’s Solubilities of Inorganic and Organic Substances. 


our disposal, except in phenol. In phenol three experiments, at concen¬ 
trations 0.659, 0.655, and 0.578, gave the molecular weights 165, 146, and 
147—mean = 153; this is just about the mean between the trimolecular 
and the tetramolecular forms. 
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Paraformaldehyde was dried over sulfuric acid for days: it was appar¬ 
ently crystalline under the microscope. It melted in a closed tube at 155- 
160°C., resolidifying on cooling; it sublimed from about 135°C. in the 
closed tube. It was insoluble in the usual solvents, but it dissolved in 
phenol slowly, giving a strong smell of formaldehyde. The molecular 
weight in phenol (concentration = 0.65) was 35, indicating complete disso¬ 
ciation (CH 2 0 = 30). 

Anisaldehyde and cinnamaldehyde were unimoleeular in all the solvents 
examined, as also were phthalic anhydride and benzophenone. The ordi¬ 
nary stable form of the latter substance was used. 

Rhombic and monoclinic sulfur were examined in benzene and in bromo- 
form; in both of these solvents, however, the sulfur is not readily soluble. 
The depressions of the freezing point were small, but they indicated oct- 
atomic molecules, S», in both solvents for both solutes. 

Benzoic, cinnamic, and phenylacetic acids behaved similarly. In ben¬ 
zene, bromoform, and paraldehyde these acids were partly associated, 
nearly completely to the bimolecular stage in the first two solvents, and 
about half-way to that stage in the paraldehyde. But it is well-known that 
their degrees of association depend on the concentrations in solution. In 
phenol and in acetic acid, however, these three acids were (within the 
limits of error) unimoleeular. 

Table 1 gives the chief results. Here the molecular weights obtained 
are quoted, with the concentrations (g. of solute per 100 g. of solvent) set 
underneath in brackets and showing where duplicate experiments or more 
were done; also the molecules existing in the solutions are indicated. 

The authors wish to thank the Council for Scientific and Industrial 
Research, Australia, for a grant towards the expenses of the investigation. 
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NEW BOOKS 

Matiere et Energie. By Victor Henri. 436 pp. Paris: Hermann et Cie, 1933- 

Price: 110 francs, unbound. 

The influence of the new molecular physics is constantly felt with increasing and 
expanding force both by the layman and also within the realms of science itself. It 
is not a cause for wonder that men of science feel attracted to the subject with such 
force as often to be impelled to record the results of the new acquisitions in book 
form, even when in a field in which they may not previously have been actively 
engaged. 

That Victor Henri, so well-known for his contributions to spectroscopy and photo¬ 
chemistry, has succeeded in presenting a laudable monograph in molecular physics, 
there will be no doubt on the part of the reader. He has approached the subject from 
a charmingly individual and philosophical point of view and maintains throughout a 
closeness of contact with the other more classical fields of chemistry and physics 
which convince the reader of the breadth of his grasp of the subject in its entirety. 

The subjects treated are: the discontinuity of matter—determination of the num¬ 
ber of molecules; the chemical elements and the properties common to all elements— 
Roentgen spectra, atomic number; the periodic system; radioactive elements, 
isotopes; disintegration and synthesis of elements—their spatial properties in solids 
and liquids; the kinetic gas theory; the structure of atoms, including a splendid his¬ 
tory of the subject from pre-Bohr theories to those of the present time. 

In the chapter on isotopes an extended table giving the hypothetical constitution 
of nuclei according to Heisenberg is given and the supposed ratio of neutrons :protons 
in each species of element. 

In a work apparently quite free from errors one is surprised to find—in at least two 
citations—the discovery of the refraction of electrons credited to Davison and Kuns- 
man instead of to Davison and Germer. 

S. C. Lind. 


Die Alkalichloridelektrolyse in Diaphragmzellen. Eine Theoretische und Experiment 
telle Untersuchung. Part I. By Gosta Angel. 126 pp. Berlin: Verlag Che- 
mie, G. M. B. H., 1933. Price: 12 M. 

This book, which is divided into four parts, represents a four year investigation 
on alkali chloride electrolysis in diaphragm cells. The w'ork was carried on in the 
electrochemical laboratory of the Kgl. Technische Hochschule at Stockholm. 

Part I (37 pp.). A general review of the subject, including the work of other 
investigators. A detailed presentation of the theory is made and a number of equa¬ 
tions are given for estimating the quantitative relations existing between the rate of 
flow of sodium chloride, the current flowing, the current yield in sodium hydroxide 
in per cent, the moles of chloride per liter in the anolyte and catholyte, and the trans¬ 
ference number of the cation. This material is clearly presented with the aid of 
ten curves and seven tables of data. 

Part II (32 pp.) Experimental results. A detailed picture of the experimental 
cell and analytical methods used is given, together with nine tables of data and three 
curves. The experimental results served to test the theoretical equations given in 
Part I. Much careful w'ork was done and good agreement with the theory was found. 
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Part III (24 pp.). Eleven tables and nine curves are used to present the proper¬ 
ties of the sodium chloride and sodium hydroxide solutions giving the specific gravity, 
the relative viscosity, and specific conductivity of various concentrations of salt 
solutions at temperatures from 18°C. to 70°C. The influence of these variables on 
cell operation is discussed in considerable detail. 

Part IV (20 pp.). In this section the author gives equations and data for the 
electrolysis of potassium chloride solutions. Three curves and seven tables of data 
are given. The general nature of the equations for potassium chloride is similar to 
those for sodium chloride, but the quantitative results are somewhat different 
These differences are carefully defined and clearly explained. 

This book combines a nice presentation of theory with careful experimental work. 
The many curves and tables summarize and coordinate the material into a readily 
usable form which will be of interest not only to scientific workers but also to those 
engaged in the commercial applications of alkali chloride electrolysis. 

G. H. Montillon. 

The Scientific Achievements of Sir Humphry Davy. By Joshua C. Gregory, B. Sc., 

F. I. C. 12.5 x 19 cm.; vii + 144 pp. New York: Oxford University Press, 1930. 

Price: $2.00. 

This compact little volume is an exposition of Davy’s experimental and theoretical 
contributions. Although it does not, like certain other biographies, trace in detail 
the entire course of Davy’s life, it does introduce in chronological sequence enough 
well-chosen biographical material to explain the origin of the great conceptions which 
developed in Davy’s mind. 

In his first paper, written at the age of nineteen years, Davy had the temerity to 
oppose certain aspects of Lavoisier’s theory of combustion. To explain the light 
which accompanies rapid combustions, the youthful chemist postulated the exist¬ 
ence of pho8oxyge?i } a compound of oxygen and light; the accompanying heat he re¬ 
garded as a “repulsive motion” of particles. The outstanding investigation at Dr. 
Beddoes’ Pneumatic Institution was the famous study of the physiological properties 
of nitrous oxide. Readers who have a sense of humor will heartily enjoy the author’s 
paragraphs on the behavior of Davy's “patients.” 

Before discussing Davy’s astonishing electrochemical successes, the author de¬ 
scribes the state of consternation which resulted from Nicholson and Carlisle’s 
decomposition of water with the voltaic pile. To a contemporary, the evolution of 
hydrogen and oxygen from separated wires seemed utterly incomprehensible. When 
the two poles of the battery were placed in separate vessels connected by a siphon, 
“the oxygen and hydrogen still fizzed off separately . . . When oxygen streamed off 
at one wire, the hydrogen with which it had been combined had apparently to scam¬ 
per through the siphon to stream off at the other wire.’’ Davy’s experiments led 
him to a rational explanation of this phenomenon and the isolation of the alkali and 
alkaline earth metals. Since many properties of the metals could be explained by 
assuming that they contain hydrogen, Davy pondered over, but did not adopt, a 
revised phlogiston theory in which this hypothetical principle of flammability was 
identified with hydrogen. 

After reading of the difficulties which Davy had to overcome in order to prove 
the elementary nature of “oxymuriatic acid,” one readily understands what a revolu¬ 
tion in chemical thought is implied in the words “chlorine” and “hydrochloric acid.” 
The paragraphs on the safety-lamp for miners show the lofty side of Davy’s character 
as he “refused to put Tour horses’ to his ‘carriage’ by patenting his invention.” 
The chapter on Davy and Dalton is an interesting character study. Although Davy 
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avoided the word “atom” because it implies indivisibility, he honored Dalton for 
“fixing the proportions in which bodies combine.” 

Since the volume makes possible a truer and fuller appreciation of the mental 
acumen of Sir Humphry Davy, it should prove to be of permanent value to chemists. 

Mary Elvira Weeks. 

La Structure de la Cellulose dans ses Rapports avec la Constitution des Sucres. By G. 

Champetier. 16.5 x 25 cm.; 28 pp. Paris: Hermann et Cie, 1933. Price: 8 

francs. 

This little booklet is an excellent concise review of the present state of our knowl¬ 
edge regarding the structure of cellulose and its parent sugar, glucose. A brief 
historical review of the development of the structure of glucose ending with the work 
of Haw orth and his school on the structures of stable and labile glucose is followed by 
a discussion of the new structural formulas of glucose and cellobiose proposed by 
Haw'orth. The second part of the monograph dealing with the structure of cellulose 
discusses celluloses from different sources, the hydrolysis of cellulose, and the light 
shed on the problem by x-ray crystal studies of Sponsler and Dore, and Meyer and 
Mark. The form and length of the hexose chains and their arrangement in cellulosic 
fibres is discussed, followed by a brief review of the principal reactions of cellulose 
and their relation to the proposed structure. The final section is devoted to the 
dimorphism of cellulose, in w hich field the author has made contributions. Although 
presenting nothing essentially new r , this little monograph is valuable reading for 
anyone wishing a collected modern view r of the evidence relating to the structure of 
this important polysaccharide. 

Ralph E. Montonna. 

ik 

Thermodynamics. By Alfred W. Porter, D. Sc., F. R. S. viii + 96 pp.; 22 figures. 

New^ York; E. P. Dutton and Co., Inc., 1931. 

This small volume is one of a series of monographs on physical subjects and is 
written by an expert for students of physics rather than for students of chemistry. 
The introductory chapters dealing with the historical development of the subject 
are possibly the most useful portions of the book. They could be read with profit 
even by those W'ho consider themselves well acquainted w'ith thermodynamics. 

F. H. MacDougall. 

An Outline of Wave Mechanics. By N. F. Mott. 155 pp. Cambridge, England: 

The University Press, 1930. 

The author attempts in eight short chapters to deal with the new w r ave mechanics, 
and it is remarkable that he can condense such a wealth of information into such a 
small space! He succeeds remarkably well, although he abbreviates the mathe¬ 
matical treatment at times just at the place where the non-mathematical reader 
would want more details. However in such places ample references are given so 
that the interested student can follow' up the subject if he has the perseverance and 
the necessary mathematical skill. Moreover the author states in his introduction 
that he has written the book for advanced students in physics and for research work¬ 
ers. The eight chapters cover the following subjects: I. Waves and Particles 
II The Wave Equation. III. Group Velocity and the Uncertainty Principle. 
IV. The Theory of Stationary States. V. The Absorption of Radiation. VI. The 
Helium Atom and the Hydrogen Molecule. VII. Dynamics of Systems Containing 
Many Electrons. VIII. The Spin of the Electron and the Exclusion Principle. 
The book is quite convenient as a reference volume. A few printer’s errors will give 
no trouble to the interested reader. 


George Glockler. 
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Grundbegriffe der Chemie. By E. Rabinowitsch. 151 pp.; 2 figs. Sammlung 

Goeschen. Berlin and Leipzig: Walter de Gruyter and Co., 1930. 

The fundamentals of chemical thought are told in as concise a manner as is pos¬ 
sible in such short space. This forced brevity makes the book of little value to the 
uninitiated, but the reader conversant with physical and chemical thought will find 
the little volume an interesting review of chemical theory. It should be of especial 
interest to American students of chemistry who wish to improve their knowledge of 
chemical German, for the style is very clear and the book maintains the high stand¬ 
ard of this collection of scientific writings. 

George Glockler. 

The Quantum Theory. By Fritz Reiche. Translated from the German by H. S. 

Hatfield and H. L. Brose. London: Methuen & Co., Ltd., 1931. 

This little volume contains an excellent treatment of the earlier quantum theory, 
—Planck to Bohr. It is very readable and should serve well students who wish to 
become acquainted with the earlier developments. The additional notes and refer¬ 
ences are very helpful and anyone desirous of studying in the field of modern theo¬ 
retical atomic and molecular physics could well start his course with this volume. 
No attempt is made to take the newer theories of wave mechanics into account, 
although they are introduced in the later chapters and a sufficient number of 
references are given to enable one to go to the original literature. Moreover, indi¬ 
viduals already acquainted with the topics dealt with will enjoy the treatment ac¬ 
corded the subject, and it is well worth anyone’s time to read this book. 

George Glockler. 

Die Chemische Emissions Spektralanalyse. By W. Gerlach and E. Schweitzer. 

120 pp; 35 figures. Leipzig: Verlag von L. Voss, 1930. 

The authors cover mostly their own work and experience in the spectroscopic 
analysis of metals. The fundamental principles and the equipment used in both 
qualitative and quantitative procedure are discussed in seven chapters. The reader 
can get a fair idea of both the successes and the difficulties of this mode of analysis. 

George Glockler. 

\ vrlesungen uber Wellcnmechanik. By A. Lande. 132 pp.; 15 figures. Leipzig: 

Akademische Verlags Gesellschaft m. b. H., 1930. 

These lectures w ere given by Professor Lande at the Ohio State University, Colum¬ 
bus, Ohio, and cover the field as it had been developed at the time. Since so many 
topics are treated it follow’s that the statements of individual problems are very brief, 
and the book should be most satisfactory to the student who already has a good know 1- 
edge of this branch of modern physics. Anyone building a library on quantum 
mechanics will be glad to add this summary of the subject to his collection, and to 
use it as a reference book. 

George Glockler. 

Les Thkorhnes de Conversation dans la Thborie des Chocs Slectroniques. By L. 

Goldstein. 26 pp. Monograph No. 70 of the scientific and industrial series 

published by Hermann & Co., Paris, 1933. 

This volume is the ninth of the series on theoretical physics published under the 
direction of Professor L. de Broglie. The author shows by the mathematical methods 
of w T ave mechanics, using Born-Dirac collision theory, that the laws of conservation 
of energy and momentum are*contained within the frame-w r ork of these theories. 

George Glockler. 
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Although there have been numerous studies (1) of the catalytic de¬ 
composition of hydrogen peroxide by various colloidal systems, the effect 
of neutral salts has been investigated in detail in only a few cases. Lotter- 
moser and Lehmann (2) studied the effect of a number of neutral salts and 
hydroxides on the catalysis of the reaction by colloidal manganese dioxide. 
In this laboratory, Kepfer and Walton (3) investigated the effect of elec¬ 
trolytes on the catalytic decomposition by colloidal ferric oxide. Except 
for the work of Kastle and Loevenhart (1) no extensive study seems to have 
been made of the effect of electrolytes on the catalytic decomposition of hy¬ 
drogen peroxide^by an electrocolloid of the type of Bredig’s platinum sol. 

In the case of colloidal ferric oxide, Kepfer and Walton obtained results 
which indicate that there is a general retarding effect of neutral salts which 
is connected with their adsorption on the surface of the colloidal particles. 
It does not seem to be conclusively established, however, that this is a 
general effect of neutral salts on all colloidal catalysts. With colloidal 
manganese dioxide, Lottermoser and Lehmann state that the addition of 
alkali salts in considerable concentration exerts only a feeble retardation 
on the decomposition of hydrogen peroxide. Bredig and his coworkers 
(4), in studying the catalysis by several electrocolloids, found some salts 
to be effective and others ineffective. 

The present investigation was undertaken to study in some detail the 
effect of various salts on the catalytic decomposition of hydrogen peroxide 
by colloidal platinum, and to determine, if possible, whether a general 
adsorption effect is obtained (as with colloidal ferric oxide) or a specific 
effect which might be attributed to the chemical constitution of the colloid 
surface. 

It appeared that some knowledge of the changes in the surface of the 
colloid could be gained by measuring the change in migration velocity of 
the particles in an electric field. In this way it might be shown what 
relation exists between adsorption of ions by the colloid and the change in 
the catalytic activity. 
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EXPERIMENTAL 

Reagents 

The colloidal platinum solution was prepared by Bredig's method. The 
sol was allowed to stand for several days and then siphoned off to remove 
the precipitated particles. A portion of the stock solution was diluted to a 
concentration convenient for use in the experiments and was preserved in 
a thoroughly steamed-out Pyrex flask. This diluted portion was used in 
all the experiments. 

The hydrogen peroxide was Merck’s “reagent” quality superoxol, re¬ 
distilled in an all-quartz system under reduced pressure, diluted with con¬ 
ductivity water to approximately 0.25 M ) and kept in quartz flasks. All 
the water used was prepared in a conductivity water still, then redistilled 
in a quartz apparatus, and kept in steamed-out Pyrex flasks. 

Method of 'procedure 

The reaction was carried out at 25°C. in Erlenmeyer flasks, which were 
repeatedly cleaned and steamed before using. A definite order of adding 
the reagents was adhered to, since, as will be shown later, it has an effect 
on the rate of decomposition in certain cases. Thirty-five cc. of hydrogen 
peroxide solution was first placed in the flask, followed by 2 cc. of electrolyte 
solution of the concentration desired. After a few minutes 1 cc. of the 
platinum sol was added, and the solution thoroughly mixed by shaking. 
After 1 minute 4 cc. was titrated m acid solution by standard potassium 
permanganate. This was taken as the titration at zero time, and similar 
titrations were made at 15 minute intervals. Two or more duplicate runs 
were made on each solution. Velocity constants for a unimolecular reac¬ 
tion were calculated, and the time required for 50 per cent decomposition 
of the hydrogen peroxide was obtained. 

MEASUREMENT OF THE \ELOCITY OF MIGRATION OF THE COLLOIDAL 
PARTICLES IN AN ELECTRIC FIELD 

The stability of a lyophobic sol is almost entirely due to a potential 
difference between an adsorbed surface layer and a relatively diffuse sur¬ 
rounding layer of oppositely charged ions. The migration velocity of the 
particles in an electiic field is directly connected with this stabilizing 
potential, so that these measurements give quantitative information in 
regard to the stability of the system. Kepfer and Walton (3) employed 
flocculation methods to follow the change in stability of their colloidal 
catalyst, ferric oxide. However, with colloidal platinum, in order to have 
the reaction slow enough to be measured accurately, the sol must be so 
dilute that flocculation values are not conveniently determined by macro¬ 
scopic observation. In an effort to determine if the concentration of 
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electrolyte corresponding to the flocculation value had any distinctive 
effect (as is the case with colloidal ferric oxide) on the velocity of decom¬ 
position of hydrogen peroxide, flocculation values were run on the concen¬ 
trated sol. The migration velocity of the particles of the concentrated 
t,ol in the presence of the concentration of electrolyte corresponding to the 
flocculation values was then determined, using an ultramicroscopic method 
(5). The results are given in table 1 and show the close connection be¬ 
tween the flocculation and migration methods as means of determining the 
stability of colloidal platinum. 


TABLE 1 

Relation between migration velocity and flocculation value (<concentrated platinum sol) 


ELECTROLYTE 

BY OBSERVATION AfrTER 16 HOURS 

MIGRATION VELOCITY 

millimole 

per liter 


mu/aec /» /cm 


0 


-3 3 


1 

Stable 



2 

Stable 

-2 5 

NaCl | 

3 

Stable 



4 

Partially flocculated 

-2 2 


5 

Flocculated 

-2 0 


l 10 

Flocculated 



0 05" 

Stable 



0 06 

Stable 

-2 1 

B&Cli < 

0 08 

Flocculated 

-1 9 

0 10 

Flocculated 



0 20 

Flocculated 



k 0 50 

Flocculated 



0 004 

Flocculated 



0 006 

Flocculated 



0 01 

Flocculated 


A1C1, ■ 

0 02 

Flocculated 



0 04 

Partially flocculated 

+1 9 


0 06 

Stable 

+2 2 


k 0 08 

Stable 



With both sodium chloride and barium chloride the migration velocity 
corresponding to the flocculation value is approximately —2 mu per second 
per volt per centimeter (the sol being negatively charged). This velocity 
corresponds to a “critical” potential of about 30 millivolts. In the case of 
aluminum chloride the smallest concentration used has already reduced the 
migration velocity below this critical value, and the sol was flocculated. 
With increasing concentration of aluminum chloride the colloidal platinum 
again became stabilized as a positively charged sol. This stabilization 
apparently took place when the positively charged colloidal particles had a 
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migration velocity of about 2 mu per second per volt per centimeter. All 
the results obtained here not only agree with the postulate of Powis (6) 
that it is not necessary to deprive the particles of lyophobic colloids com¬ 
pletely of their charge to cause flocculation, but also show that in order to 
have a stable platinum sol it is necessary to have sufficient electrolyte 
adsorbed to contribute a potential difference of over 30 millivolts. 

The platinum sol was diluted to the concentration of the decomposition 
experiments and measurements of the migration velocity of the colloidal 
particles were taken over the same range of concentration with each of the 
electrolytes whose effect on the catalytic decomposition of hydrogen per¬ 
oxide was studied. In this way the change in the migration velocity could 
be directly compared with the effect on the rate of decomposition of the 
hydrogen peroxide. 

It has been concluded that at a migration velocity of —2 mu per second 
per volt per centimeter, the platinum sol enters a region of instability where 
it will flocculate on standing. It is evident from all of the curves that this 
point lies on a curve of increasing retardation but is of no unusual sig¬ 
nificance in the effect of the electrolyte on the catalytic decomposition of 
hydrogen peroxide. 


EXPERIMENTAL RESULTS 

The decomposition of hydrogen peroxide as catalyzed by colloidal 
platinum was studied in the presence of both the chlorides and nitrates of 
sodium, aluminum, and thorium, and in the presence of barium chloride. 
The change in migration velocity of the same concentration of platinum 
sol in conductivity water, with addition of the above salts, was also deter¬ 
mined. The results are tabulated below in tables 2 to 5, and represented 
graphically in the accompanying figures 1 to 5. In the figures the con¬ 
centration of electrolyte in millimols per liter is plotted against the time 
for 50 per cent decomposition in the case of hydrogen peroxide decom¬ 
position, and against mu per second per volt per centimeter in the case of 
the migration velocity of the colloidal particles in an electric field. 

Effect of sodium salts 

The first experiments on the effect of electrolytes on the catalysis were 
made with a univalent ion, sodium. Data (table 2) were obtained for 
both sodium chloride and sodium nitrate. The effects of sodium nitrate 
and sodium chloride on the rate of decomposition of the hydrogen peroxide 
are illustrated in figures 1 and 2, respectively, where they are compared 
with the effects of the same salts on the migration velocity of the colloidal 
particles. It is evident that up to a certain point these two effects cor¬ 
respond rather closely/ and it may be deduced that within this concen¬ 
tration range the effect is similar to that found by Kepfer and Walton for 



CATALYTIC DECOMPOSITION OF HYDROGEN PEROXIDE 


981 


TABLE 2 


Effect of sodium salts on the decomposition of hydrogen peroxide by colloidal platinum 
and on the migration velocity of the colloidal particles 


ELECTROLYTE 

AVERAGE 0 4343A 

TIME FOR 50 PER CENT 
DECOMPOSITION 

MIGRATION VELOCITY 

milhmols per liter 


minutes 

mu/sec /v /cm. 


0 

0 01258 

24 

-2 8 


1 



-2 1 


2 63 

0 00512 

58 8 

—2 0 


5 



-1 7 


6 58 

0 00398 

75 7 

-1 7 

NaCl J 

9 9 

0 00367 

82 1 

-1 6 


13 2 

0 00333 

90 5 

-1 6 


17 1 

0 00291 

104 

-1 6 


21 J 

0 00248 

121 

-1 6 


26 3 

0 00210 

143 

-1 6 


[50 



-1 5 


' 0 

0 01046 

28 8 

-2 8 


1 31 

0 00491 

61 4 

-2 1 


2 63 

0 00465 

64 7 

. -1 8 


5 26 

0 00436 

69 0 

-1 6 

NhN0 3 < 

10 5 

0 00452 

66 6 

-1 4 


13 2 

0 00448 

67 2 

-1 4 


17 1 

0 00432 

69 7 

-1 4 


21 1 * 

0 00410 

73 5 

-1 4 


v 26 3 

0 fX)366 

82 3 




Fig. 1 Fig. 2 

Fig. 1. Sodium Nitrate 

Fig. 2. Sodium Chloride anp Barium Chloride 


Velocity, ijlseclvlcm 
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colloidal ferric oxide, and that the hydrogen peroxide decomposition is de¬ 
creased or retarded because of modifications in the surface ionization of the 
colloid. 

With concentrations of sodium salts greater than 7 or 8 millimols per 
liter there is very little further change in the migration velocity of the 
colloidal particles. In the presence of sodium chloride, however, the 
retardation of the hydrogen peroxide decomposition continues to increase 
in practically a straight-line relationship. With sodium nitrate the re¬ 
tarding effect increases very little. This latter effect on the decomposition 
is, then, apparently due to the anion of the electrolyte added. 

TABLE 3 


Effect of barium chloride on the decomposition of hydrogeti peroxide by colloidal platinum 
and on the migration velocity of the colloidal particles 


BABIUM CHLORIDE 

AVERAGE 0 4343/C 

TIME FOR 50 PER CENT 
DECOMPOSITION 

MIGRATION VELOCITY 

millimole per liter 


minutes 

mu/eec /v./cm. 

0 

0 01249 

24 1 

-2 8 

0.025 



-2 5 

0.03 



-2 1 

0 04 



-1 9 

0 05 



-1 5 

0.10 



-1 2 

0 50 



-0 6 

1.0 



-0 3 

1 32 

0 00358 

84 2 

Isoelectric 

2 63 

0 00326 

92 4 

Isoelectric 

3 95 

0 00310 

97 1 

Isoelectric 

5 26 

0 00283 

106 

Isoelectric 

6 58 

0 00248 

122 


9 9 

0 00200 

151 


13 2 

0 00181 

166 


17 1 

0 00174 

173 


21 1 

0 00169 

179 



Effect of barium chloride 

The effect of this bivalent chloride is similar to that of sodium chloride. 
The results are given in table 3 and figure 2. Barium ions are more 
strongly adsorbed than sodium ions, and the retarding of the rate of de¬ 
composition of hydrogen peroxide is consequently greater. Below a con¬ 
centration of about 4 millimols of barium chloride per liter the curves for 
hydrogen peroxide decomposition and migration velocity distinctly show 
that there is a connection between the two effects. At higher concen¬ 
trations the colloidal particles are isoelectric, but the same further re¬ 
tarding of the catalysis of the hydrogen peroxide decomposition that was 
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obtained with sodium chloride is evident here; the retarding effect de¬ 
creases, however, at the higher concentrations. 

Effect of aluminum salts 

The effect of neutral univalent and bivalent salts has been shown. Since 
the salts of all trivalent and tetravalent metals are hydrolyzed in solution 

TABLE 4 


Effect of aluminum salts on the decomposition of hydrogen peroxide by colloidal platinum 
and on the migration velocity of the colloidal particles 


ELBCTROLT TK 

AVERAGE 0 4343/C 

TIME I 1 OR 50 PER CENT 
DECOMPOSITION 

MIGRATION VELOCITY 

millimols per liter 


minutes 

mu/sec /v /cm 


0 

0 01236 

24 3 

-2 8 


0 002 



+i i 


0 004 



1 3 


0 011 

0 00337 

89 4 

2 2 


0 021 

0 00314 

95 9 

2 8 


0 029 

0 00258 

117 

3 4 


0 040 

0 00303 

99 4 

3 3 


0 050 

0 00310 

96 7 

2 8 

AlCl, 

0 066 

0 00304 

99 0 

2 9 


0 105 

0 00257 

117 

3 0 


Q 158 

0 00240 

125 

3 4 


0 237 

0 00222 

136 

3 1 


0 316 

0 00210 

144 

2 7 


0 526 

0 00189 

159 

2 5 


0 79 

0 00169 

178 

2 5 


3 95 

0 00076 

396 

2 5 


6 58 

0 00059 

510 

2 4 


0 005 

0 00335 

89 9 



0 011 

0 00327 

92 1 

2 6 


0 040 



3 9 


0 053 

U 00295 

102 

3 8 


0 105 

0 00322 

93 4 

3 1 

Al(NO,) 5 • 

0 12 

, 


2 8 


0 158 

0 00404 

74 5 

3 1 


0 211 

0 00363 

82 9 

2 9 


0 368 

0 00400 

75 3 

2 6 


0 526 

0 00415 

72 6 

2 6 


0 79 

0 00437 

68 8 

2 6 


it was not possible to compare them directly with the neutral salts A 
change in pH of the solution would presumably introduce complications. 
Even so, the effect of these salts on the catalysis was of interest. Alumi¬ 
num was chosen as a typical trivalent metal, and experiments were made 
using both aluminum chloride and aluminum nitrate (table 4 and figures 
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3 and 4). These salts are apparently about equally hydrolyzed, the pH of 
-M/1000 aluminum chloride being 3.6 and of M/1000 aluminum nitrate 
3.7. Any difference, in their effect, therefore, should not be due to a 
difference in acidity. 

As expected, the aluminum salts are effective in a much lower concen¬ 
tration range than sodium or barium salts. At the lower concentrations 
the courses of the curves, represented in figures 3 and 4, are peculiar, and 
are probably affected by the operation of several factors, such as adsorp¬ 
tion, ion exchange, and hydrolysis. It is to be noted, however, that in 
general the same kind of change in the first part of the curves is shown 



Fiq. 3. Aluminum Chloride Fig 4 Aluminum Nitrate 


both in the rate of hydrogen peroxide decomposition and in the migration 
velocity. 

Aluminum ions are so strongly adsorbed that the colloidal system is 
stable as a positively charged sol during almost the entire range of con¬ 
centration measured here. The slower rate of decomposition of this 
positively charged sol demonstrates that it is the condition of the colloid 
surface rather than its stability which is most important in catalyzing the 
decomposition of hydrogen peroxide. 

At higher concentrations the same difference between the effect of 
aluminum chloride and aluminum nitrate on the rate of hydrogen per¬ 
oxide decomposition is shown that was obtained with sodium chloride and 
sodium nitrate. The effect of aluminum nitrate on the decomposition 
velocity follows the migration velocity curve rather closely throughout the 
whole range of concentration measured here. With aluminum chloride 
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the retarding effect follows the change in migration velocity only in the 
first part of the curve, and then shows a continual increase which appar¬ 
ently has no connection with the change in migration velocity. As can be 
seen from the data in table 4, the retarding effect is still increasing at 
higher concentrations than are shown in figure 3. 

Effect of thorium salts 

Results of experiments with the tetravalent salts, thorium chloride and 
thorium nitrate, are given in table 5 and figure 5. 

TABLE 5 

Effect of thorium salts on the decomposition of hydrogen peroxide by colloidal platinum 
and on the migration velocity of the colloidal particles 


THORIUM 8AL.TR 

AVLRAGE 0 4343/v 

TIME FOR 50 PER CENT 
DEC OMPORITION 

MIGRATION VELOCITY 

milhmola per liter 


minutes 

mu/see /v /cm 


0 

0 01216 

24 8 

-2 6 


0 026 

0 00654 

46 1 

+4 8 


0 053 

0 00540 

55 9 

4 6 


0 079 

0 00468 

64 4 

4 5 

ThCL 1 

0 158 

0 00333 

90 4 

4 2 


0 237 

0 00261 

120 

4 2 


Q 308 

0 00200 

151 

4 1 


0 526 

0 00155 

194 

4 1 


1 0 



3 8 


(o 

0 01216 

24 8 

-2 6 


0 oil 

0 01138 

26 5 



0 026 

0 01093 

27 6 

4-3 9 


0 040 

0 01309 

23 0 

3 9 

TMNOj), : 

0 053 

0 01457 

20 7 

3 9 

< 

0 079 

0 01471 

20 5 

3 8 


0 105 

0 01444 

20 8 

3 8 


0 290 

0 01579 

19 1 

3 4 


0 526 

0 01653 

18 3 

3 4 


1 0 



3.4 


The effect of thorium salts on the catalytic decomposition of hydrogen 
peroxide does not show the close relation to their effect on the migration 
velocity of the colloidal particles that characterizes aluminum salts. 
Thorium ions have a greater effect on the migration velocity than alumi¬ 
num ions, but this may be due to the greater valence of the thorium ion, 
and aluminum ions may actually be more strongly adsorbed on the colloid 
surface, thus exerting a greater retardation on the catalysis. Thorium 
ions should, nevertheless, show some retarding effect and, since thorium 
nitrate has little or none, it would seem advisable to look for further 
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explanation. Any thorium hydroxide formed by hydrolysis does not di¬ 
rectly decompose hydrogen peroxide, or only does so very slowly, for 
thorium salts alone, in the concentrations used, had a negligible effect on 
the hydrogen peroxide. However, it is possible that the tendency of 
thorium hydroxide to combine with hydrogen peroxide (7) greatly de¬ 
creases the adsorption of thorium ions by the colloidal platinum. This 
tying up of thorium ions would not be indicated in the migration velocity 
measurements obtained here, since, on account of the experimental diffi¬ 
culties involved by the evolution of oxygen bubbles, they were not made 
in the presence of hydrogen peroxide. 

If such a reaction is a factor, allowing the thorium salt to act on the 
colloidal platinum before it comes in contact with the hydrogen peroxide 



Mmols electrolyte per titer 

Fig. 5. Thorium Chloride and Thorium Nitrate 


should give a greater retardation of the rate of decomposition. An experi¬ 
ment was therefore carried out in which the electrolyte was first added to 
the platinum sol, and the hydrogen peroxide added last. The data are 
given in table 6. 

The time for 50 per cent decomposition of about 50 minutes corresponds 
to a 50 per cent decomposition in 20.8 minutes when the electrolyte was 
added to the hydrogen peroxide first. The “constants” calculated for a 
unimolecular reaction increase very rapidly; the constant for a zero order 
reaction, calculated in the last column, is much more applicable. With 
sodium nitrate, on changing the order of mixing in the same way, there was 
no difference either in the, *ime for 50 per cent decomposition or in the 
velocity constant. 
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The results obtained in this experiment with thorium nitrate might be 
interpreted to indicate that the hydrogen peroxide is more strongly ad¬ 
sorbed under these conditions, while at the same time the rate of reaction 
is decreased. The rate of reaction has decreased, presumably, because 
the thorium salt has affected the colloidal surface. An attraction between 
thorium and hydrogen peroxide might, however, serve to attract the 
hydrogen peroxide more strongly to the surface of the platinum on which 
the thorium ions were adsorbed, and consequently give a change in the 
order of the reaction, such as was obtained here. However, the data are 
inadequate for any conclusions at this time. 

Pennycuick (8) has found anomalous results for ferric chloride compared 
to aluminum salts in his study of the effect of electrolytes on colloidal 
platinum. He ascribes this to the much higher degree of hydrolysis of 


TABLE 6 


Results obtained when thorium nitrate acts on colloidal platinum before it comes in 
contact with htjdrogen peroxide 
0 105 Millimols of thorium nitrate per liter 


TIME 

TITRATION 

;- p - 

DECOMPOSED 

0 4343 A, 

Ko 

minutes 


ver cent 



0 

49 75 

0 



15 

42 15 

15 28 

0 00480 

0 01019 

30 

34 15 

31 36 

0 00545 

0 01045 

45 

26 65 

46 43 

0 00602 

0 01032 

60 

20 00 

59 80 

0 00660 

0 00997 

75 

14 70 

70 45 

0 00706 

0 00939 

90 

10 95 

77 99 

0 00730 

0 00867 

Average 



0 00621 

0 00983 

Time for 50 per cent decomposition 

48 5 minutes 

50 9 minutes 


ferric chloride, so that the hydrogen ions are of primary importance rather 
than the extremely low concentration of ferric ions. Thorium salts are 
also highly hydrolyzed in solution, as the following data (9) indicate: 


M/1000 solutions 

AlCls 

CrCl 3 

FeCh 

ThCl 4 


pH (glass electrode) 

3 6 
2 8 
2 3 
2 7 


The other evidence, particularly the migration velocities, does not indi¬ 
cate, however, that the effect of thorium salts as studied here can be con¬ 
sidered as primarily that of the hydrogen ion. 

Aside from the effect of the thorium ion, it is seen from figure 5 that 
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thorium salts show even more distinctly than those of sodium and alumi¬ 
num the difference between the effect of nitrates and chlorides on the 
catalytic decomposition of hydrogen peroxide by colloidal platinum. 

discussion 

Of the results which have been obtained here on the effect of electrolytes 
on the catalysis, the most striking feature is the very wide difference 
between the effect of chlorides and nitrates at the higher concentrations. 
While this might be due to the formation of free chlorine, with subsequent 
alteration of the catalyst surface, it is the opinion of the authors that in 
the concentrations used such an effect would be very small. Another 
explanation of this difference may involve the structure of colloidal plati¬ 
num, and the mechanism of the decomposition reaction. The constitution 
of colloidal platinum has been the subject of thorough investigation by 
Pennycuick (10). He gives as the simplest formula for the sol: 
(xPt yPt0 2 zPt(0H) 6 )2z“ .... 2zH+, Pt conventionally representing the 
interior of the particle, Pt() 2 the oxide which Covers the surface, and 
Pt(OH) 6 ” the stabilizing surface ionogen which is combined with part of 
the surface oxide, some evidence suggesting that it is bound at the surface 
only at active points. The weakly acidic surface oxide is converted by 
bases into more surface ionogens, which accounts for the protective action 
of univalent bases on colloidal platinum. 

It has been shown by Bredig and others that the addition of a univalent 
base increases the rate of decomposition of hydrogen peroxide by colloidal 
platinum, up to a certain optimum concentration. Therefore, if Penny¬ 
cuick is correct and the stabilizing effect of bases is due to the formation of 
more of the ionizing salt, there is apparently a close connection between the 
amount of this complex ion which is present on the active points of the 
surface and the catalytic activity of the colloid in decomposing hydrogen 
peroxide. It may be postulated that the decomposition of the hydrogen 
peroxide is actually effected by this complex in some such way as the 
following: 



+ 2H2O Oj 


The first step may be the formation of an unstable intermediate adsorp¬ 
tion complex, decomposing into the above indicated products. The 
platinous acid may again be oxidized by hydrogen peroxide: 


(HO 

OH 1 

- 

(HO 

OH] 


Pt 

+ H s O, = 

\no 

Pt OH> 

|ho 

OHj 


(HO 

oh) 
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Replacement of hydroxyl radicals by other groups would destroy the 
effectiveness of the catalyst. Pennycuick (11) has shown that hydro¬ 
cyanic acid, in the same way as bases, is removed from solution by the 
colloid and reacts with the weakly acidic surface oxide to produce more 
surface ionogens of the form [Pt0 2 CN]~ or [Pt(CN) 6 ]~. Unlike the uni¬ 
valent bases, however, hydrogen cyanide is a poison for the catalytic 
property of colloidal platinum. This would be expected because the iono¬ 
gens now contain cyanide instead of hydroxyl radicals. 

The substitution of chloride for hydroxyl in this complex would explain 
the retarding effect of chlorides at higher concentrations, as was found 
here. Since the nitrates do not easily form complex compounds in which 
several N0 3 ~ residues gioup themselves around a metal atom (12), the 
addition of nitrates should not show this retarding effect; this has been 
found to be true. 

The fluoride ion would be expected to be inactive, since it also does not 
readily form complexes with such metals as platinum (13). Kastle and 
Loevcnhart (14), studying the effect of the alkali halides, found that the 
fluoride did not inhibit the catalytic decomposition of hydrogen peroxide 
by colloidal platinum. N() 2 " residues, however, should replace the hy¬ 
droxyls rather readily, and a retarding effect would be expected. Bredig 
and Ikeda (15) have studied the effect of sodium nitrite on the catalytic 
decomposition of hydrogen peroxide by colloidal platinum. Their results 
are plotted on figure 1 and show a considerable retarding of the catalysis. 

The catalytic activity of hexahydroxyplatinic acid seems to depend on its 
being attached to active points of the colloid. A solution of hexahydroxy¬ 
platinic acid showed no catalytic activity, and adding hexahydroxyplatinic 
acid only slightly increased the activity of colloidal platinum. 

The effect of salts of four different metals on the catalytic decomposition 
of hydrogen peroxide by colloidal platinum is, with some exceptions, very 
similar. The first result is a retarding of the catalysis, which follows very 
closely the effect of the electrolyte on the stability of the colloidal system, 
and which can be attributed to modifications in the colloid surface and in 
the ionization of the stabilizing surface complexes. This effect is prac¬ 
tically the same as that which Kepfer and Walton have found for com¬ 
parable electrolytes on the catalytic decomposition of hydrogen peroxide 
by colloidal ferric oxide. Thus for two different colloidal catalysts one 
important effect of the addition of electrolytes is to so modify the surface 
of the colloid that the adsorption of hydrogen peroxide is reduced and the 
rate of decomposition retarded. 

In the case of colloidal platinum there is then a further effect due to the 
substitution of certain anions in the surface complex (principally Pt(OH) 6 *"), 
which prevents or retards the chemical reaction by which the hydrogen 
peroxide is decomposed. Salts whose anions are not easily substituted in 
the surface complex do not show this further retarding effect. 



090 


MERLE A. HEATH AND JAMES H. WALTON 


m mm \m 

1. The catalytic decomposition of hydrogen 
platinum has been investigated at a temperature of -3 ( 1( c (( 0 

additions of sodium chloride, barium chloride, aluminum chloride, thorium 
chloride, sodium nitrate, aluminum nitrate, and thorium nitrate has been 
studied over a considerable range of concentration, and compared with their 
effect on the migration velocity of the colloidal platinum particles in an 
electric field. A relation between the change in the rate of decomposition 
of hydrogen peroxide and the migration velocity of the colloidal particles 
has been shown. 

2. Thorium salts do not show as close a relation between migration veloc¬ 
ity of the colloidal particles and effect on the catalytic decomposition of 
hydrogen peroxide. 

3. Evidence of a further effect of anions on the catalytic decomposition 
of hydrogen peroxide by colloidal platinum has been found, and a possible 
explanation based on substitution in the Werner complex of hexahydroxy- 
platinic acid on the colloid surface is advanced. The nitrate ion, which 
is not readily substituted in the complex, does not show this effect. 

A possible mechanism for the reaction involving hydrogen peroxide and 
hexahydroxyplatinic acid is given. 
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The distribution of associating substances between water and various 
other solvents usually has been expressed by some form of the empirical 
equation, 


C*/CV - K 

where C x represents the molar concentration of the distributed substance in 
the non-aqueous layer and C w the concentration in the aqueous layer. 
Since the exponent of the concentration in water is not a whole number, it 
has little real meaning. 

When distributed between water and another solvent, such as benzene 
or chloroform, associating substances give apparent distribution ratios 
with a relation to the concentration in the aqueous phase that may be ex¬ 
pressed accurately by the equation, 

Apparent distribution ratio * C*/C„ « K. C w + K % 

The equation is that for a straight line with a slope, K ay and an intercept, 
Ki . C x and C w refer to concentrations in moles per liter, irrespective of 
associatioi or dissociation. 

In figure 1 are shown a few examples of apparent distribution ratios, 
C X /C W} plotted against C w . The data used are given by the International 
Critical Tables (I) and by Smith and White (2). The equation holds quite 
well at moderate values of C w , as may be seen from the figure, and provides 
a simple means of recording and testing the experimental data. It also 
makes interpolation and extrapolation easier. 

A similar equation may be derived upon making a few assumptions. 
Taking A and A n to represent the single and the associated molecules in 
the y phase, respectively, and A' and A n ' to represent the single and the 
associated molecules in the x phase, respectively, one may construct the 
following equations, according to the mass law. 
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nA ^ An Ki = (An) /(A) n 
A^A' K 2 - (AO/(A) 
nA' ^ A' n = (A' n )/(A') n 

C x =* n (A'n) + (A') 

C u — n (AJ + (A) 


C z and C v may both be expressed in terms of (A) and the constants, hence, 

C x = nK,Kf{ A)" + K>( A) 

C v = nfl^A)* + (A) 

and, 

nK^iA)'-' + A 2 
ntfi(A)"" 1 4* 1 




It is broadly established that associating substances give little or no evi¬ 
dence of association in water at moderate concentrations. It may be 
assumed, therefore, that in water the quantity, nKi(A) n ~ 1 , is negligible 
with respect to 1 and that (A) is practically equal to C„,. The equation 
then takes the simpler form, 

C\/C w = nKzKfCj-' +K 2 

When the distribution ratio is a linear fund ion of C w , it is evident that n 
equals the whole number 2 , and that two molecules are associated in the 
non-aqueous phase. In this case the equation reduces to a form similar to 
that of the experimental equation, namely, 

Cx/C u - 2 KMC*, + K j 


It is of interest to mention one example, that of the partition of formalde¬ 
hyde between water and chloroform, in which the equation fits the data 
very well when n is taken equal to 3. The tendency of the aldehydes to 
form trimers is well known. 

Values for K 2y the distribution constant for single molecules, and for K Z} 
the association constant in the non-aqueous phase, may be calculated. K 2 
may be taken equal to K t , the intercept of the experimental equation. 
K 3 may be found by taking the quantity, 2 K z K 2 2 f equal to the experimental 
slope, K 8 , and solving. In this way have been obtained the values for K 2 
and K z given in table 1. Hendrixson (3) has calculated some similar con¬ 
stants for benzoic acid, and Smith and White (2) have calculated constants 
for a number of organic acids by other methods. The distribution con¬ 
stants obtained in the above manner from the data of Smith and White on 
propionic and isobutyric acid are practically equal to the constants ealeu- 
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Fig 1. The Relation of the Apparent Distribution Ratio, C» / C Wy to the 
Concentration in Water, C w , of a Number of Associvting Substances Dis¬ 
tributed Between Water and Other Solvents as Indicated, at 25°C. 


TABLE 1 


Distribution and association constants calculaltd from partition data at 25°C . 


DISTRIBUTED 8UB8TANLK 

Acetic acid 

Acetone 

Picric acid 
Lactic acid 

Isobutyric acid 

Propionic acid 


NON-AQUEOF8 SOLVENT 

DISTRIBUTION 

CONSTANT 

Kl 

ASSOCIATION 

CONSTANT 

Kl 

Benzene 

0 0106 

108 

Chloroform 

0 065 

4 1 

Ethyl ether 

0 46 

0 24 

Carbon tetrachloride 

0 4.3 

0 28 

Benzene 

0 91 

0 050 

Chloroform 

0 46 

8 6 

Bromoform 

0 68 

1 6 

Ethyl ether 

0 081 

0 97 

Toluene 

0 138 

281 

Benzene 

0 180 

201 

Chloroform 

0 56 

54 

Toluene 

0 046 

134 

Benzene 

0 063 

78 5 

Chloroform 

0 164 

30 0 



994 


H. J. ALMQTJIST 


lated by these authors. Their association constants are in error throughout 
by a factor of 2, but otherwise agree well with the reciprocal of K 8 . 

The simple equation is valid over what may be considered a significant 
and useful range of concentrations. A multitude of factors, however, may 
cause a departure from the equation. At very low concentrations, certain 
classes of substances undergo electrolytic dissociation which becomes suffi¬ 
cient to cause a noticeable lowering of the ratio, C x /C w , but may be taken 
into account when the dissociation constants are known. At high concen¬ 
trations, on the other hand, association in the aqueous phase must increase 
to an important extent, also exerting a lowering influence on the ratio. 

The solvents are at all times saturated with each other. In addition, 
their mutual solubility increases with increasing concentrations of the 
dissolved substance until, in many cases, the system becomes a single 
phase. These effects greatly hinder a correlation of partition data with 
that secured from studies of freezing point lowering, partial pressures, etc., 
in unmixed solvents. Saturation of either phase with the distributed sub¬ 
stance causes a failure of all partition laws. 

In developing the equation for the apparent distribution ratio it was 
assumed that n is the same in both solvents. It cannot be proven, at 
present, that this is the case, or that only one value of n exists in any one 
solvent, or that for any one value of n the molecules associate always in the 
same way. 
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SIMPLIFIED FORMULAS FOR THE CALCULATION OF EXPAN¬ 
SION COEFFICIENTS AND COMPRESSIBILITIES OF GASES AT 
LOW PRESSURES FROM THE BEATTIE-BRIDGEMAN EQUA¬ 
TION OF STATE 


J. B. M. COPPOCK 1 

Department of Inorganic Chemistry , The University of Leeds , Leeds y England 
Received February 

J. A. Beattie and O. C. Bridgeman (1) have developed an equation of 
state that relates p y V, and T in a simple form involving only five con¬ 
stants, each set of constants being specific to a gas in addition to the gas 
constant R. The equation may be written in the virial form in terms of 
either p or V and is expressed: 


where 


nRT 7i 2 ft n r y 

p ~ y yi 

(i) 

ft = RTBo -A 0 - Rc/T 2 

(2) 

■y - - RTRob + Aoa - RB^c/T 2 

(3) 

h = RBobc/T 2 

(4) 


A q , a , B o, by and c are the characteristic constants for each gas. 

From equation 1 Beattie (2) derives the value of V in terms of p and 
obtains: 


nRT nft ny n8 

- 4--- 4* —- • 7} 4- - • Tjr 

P RT B*T* R'T* H 


(5) 


It will be observed from an examination of the equations as written 
in the virial forms that the values of p or V at 0°C. and 100°C. may be 
calculated by insertion of the correct values of y f 5, the values of these 
coefficients at the two temperatures stated being calculated from equations 
2, 3, and 4. 

Values of the five constants for thirteen gases have been conveniently 
tabulated (3) and from these values 0i and at 100°C. have been cal¬ 
culated, the values of the virial coefficients at 0°C. having been obtained 
from computations made by Beattie and Bridgeman. 

Present address, Robert Gordon’s Colleges, Aberdeen, Scotland. 
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From a knowledge of these values it is possible to calculate the coefficients 
of expansion at constant pressure (a v ) and constant volume ( a p ) 9 for 


1 f dv~ 

«V - - “77 

Vo at 


p =* const 


po |_d« J t 


const 


where v 0) p 0 represent the volume or pressure of the gas at 0°C. and 
dt; dp 


d V dt 


the rate of increase of volume or pressure with temperature. 


The values of a vy a P) here derived are for the temperature interval 0°C. 
to 100°C. and at a constant pressure of 1 atmosphere in the first case and 
an initial pressure of 1 atmosphere in the second case. 

If we consider 1 gram-molecule of gas (that is, n = 1) then we have 
from equation 1 

RTo 00 To op 

Po= V + V 2 + at 

, 7i . , or 

p '“~v + v* + v> tlC ' 

and from equation 5 when the pressure is 1 atmosphere we have: 

at 0°C. 


v - ,lr - + TTr+-vk’ 


Taking as our units those cited by Beattie and Bridgeman, ile., moles, 
liters, atmospheres and ° Kelvin, we may calculate values of a v at a con¬ 
stant pressure of 1 atmosphere and a p at an initial pressure of 1 atmos¬ 
phere over the range 0°C. to 100°C. from the following equations: 

[”■' + w. + «?■,.]-[ 8,, - + ^. + ^] 

«, — r -=--= 

ia\ + * + 7 “- -loo 

L RTo /wj 

where p - 1 atmosphere, T 0 = 273.13°C., 7\ = 373.13°C., and 

where V - const. = 22.4131 liters at N.T.P. 
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Substituting values of (3 which contribute the major portion to the di¬ 
vergence from the perfect gas law, and values of y which contribute about 
1 in 15,000 as a maximum to the value of the coefficient, we arrive at the 
values given in table 1, which are compared with those calculated by 
Leduc (4) and those determined experimentally. The experimental fig¬ 
ures have been taken from the International Critical Tables, and where 
necessary the values at 1 atmosphere have been interpolated from the 
data given. Values not obtained from the International Critical Tables 
have a definite reference given. 

It may be claimed that the performance of the equation is extremely 
good: it shows clearly the phenomenon that a,> for hydrogen, nitrogen, 

TABLE 1 



1 COKI 1 It 1ENTS* AT CONSTANT 

I PRESSURE 

COKI-MCI ENTS AT CONSTANT 
VOLUME 


(Clllt U- 

lated) 

leduc 

Expert- 

ftp 

Leduc 

Experi- 


(calcu¬ 

lated) 

mental 

(calcu¬ 

lated) 

(calcu¬ 

lated) 

mental 

He 

3059 1 

— 

3659 

3661 3 

— 

3661 

Ne 

3660 6 

- 

3660 5 

3662 8 

— 

3661 6 

A 

3672 4 

- 

3673 

3671 7 

— 

3672 

ih 

3660 3 

3662 

3660 

3662 7 

3664 

3662 

n, 

3670 0 

3671 

3670 5 

3671 8 

3672 

3671 5 

0 2 

3674 6 

3673 

3674 

3673 5 

3672 

3674 

Air 

3671 1 

— 

3671 

3671 6 

- 

3672 

CO, 

3721 7 

3723 

3723 

3710 0 

3712 

3712 

CH< 

3689 4 

3681 

3683 

3688 1 

3678 

3680 

c,h a 

3724 2 

3735 


3710 5 

3722 

— 

nh 3 

3790 0 

380 

3847® 

3767 8 

377 

3769 s 

CO 

3670 9 

3672 

3669 7 

3671 8 

3673 

3668 7 

N,0 

3721 7 

3732 

3720 7 

3710 0 

3719 

— 


* All these coefficients have been multiplied by 10° except Lcduc’s figures for 
ammonia, which are multiplied by 10\ 


and helium is greater than a,. The values for nitrogen, oxygen, and air 
are certainly reliable and that for carbon dioxide agrees well with the 
predictions of Leduc and the experimental figure. The values for methane 
are a little unsatisfactory and those for ethylene are disappointingly low 
compared with the calculations of Leduc; investigation into this point 
seems desirable. For ammonia the predictions are satisfactory in the case 
of the pressure coefficient, the value calculated agreeing almost exactly 
with that experimentally observed, but it seems curious that the value of 
a v shows such a discrepancy It would appear that values of the volume 
coefficient are more susceptible to external factors, such as the increase in 
volume caused by the evolution of adsorbed layers from the surface of the 
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containing vessels with rise in temperature and thereby vitiating the true 
values of the increase of volume with temperature. 

The values for carbon monoxide and nitrous oxide are assumed by 
Beattie and Bridgeman (8) to be the same as those for nitrogen and carbon 
dioxide. This assumption seems fully justified in the case of carbon 
monoxide, but for nitrous oxide this is probably not quite true, as shown 
by the divergence between the predicted values of Leduc and those cal¬ 
culated from the Beattie constants for carbon dioxide. 

The compressibility of a gas is given by the equation 

i + x = ^° 

PlVi 

at constant temperature, where Pqv 0 is the product at zero pressure and 
P 1 V 1 the product at 1 atmosphere. 

From the Beattie-Bridgeman equation of state we have at any tem¬ 
perature, Ti, 


for 


(1 + x)r, = — 


RTi 




PiV , = RT , + y 


where Vi is the corresponding volume of 1 gram-molecule at T° Absolute 
and ft is of the appropriate value. The omission of the further terms in 
the Beattie equation is justifiable at low pressures in this case, as values 

of ^ only contribute about 1 part in 100,000 to the final result. 

As 


then 


Vi = RTi + (approximately) 


ft_ x ft 

JL] ft 2 7V + ft 

flr.J 

This simple form of equation allows the compressibilities of any gas to be 
calculated extremely rapidly over a wide temperature range, and in the 
case of the more compressible gases, such as carbon dioxide, the error in- 


\- i i i 


RT , RT> + 
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volved is not greater than 1 part in 10,000. The agreement between the 
theoretical derivation of 1 + X for temperatures between — 100°C. and 
+-100°C. and the experimental figures of Holburn and Otto (9) for nitrogen 
is satisfactory; and the assumption of Beattie and Bridgeman previously 
mentioned as regards the similarity of carbon monoxide and nitrogen seems 
fully borne out in the comparison of the values obtained from the data of 
Bartlett and his coworkers (10) on carbon monoxide and those calculated 
for nitrogen. 

In table 2 the values (1 + A)a are those calculated from the Beattie 
constants for nitrogen and those from Smith and Taylor’s data (1) are 
given in the column designated (1 + X)b- (1 + A)c values are the experi¬ 
mental determinations of Holborn and Otto for nitrogen, and the values 
given for (1 + X) D are the figures obtained by Bartlett and coworkers for 
carbon monoxide. 


TABLE 2 


r c. 

(1 4- Ma 

(1 + X) B 

(1 -1 X)c 

(i ^ x>n 

-100 

1 00369 


1 00367 

— 

-50 

1 00146 

- 

1 00144 

1 00135 

-25 

1 00090 

1 00082 

— 

1 00077 

0 

1 00051 

1 00047 

1 00046 

1 00040 

+25 

1 00025 

1 00024 

1 00020 

1 00018 

+50 

1 00006 

1 00006 

1 00000 

1 00008 

+100 

0 99979 

— 

0 99980 

0 99978 


The author wishes to express his thanks to Dr. W. Wild and Professor 
R. Whytlaw Gray for helpful criticism and advice, and also to Professor 
J. A, Beattie for communications received. 
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The surface activities of members of the homologous series of aliphatic 
acids and their sodium salts have been reported by various investigators 
(1). These substances show, in general, increasing surface activity, or 
ability to lower the surface tension of water, with increase in length of the 
carbon chain in agreement with Traube’s rule. The measurement of the 
surface activities of some sulfonates of the benzene series was undertaken 
to show the influence of the nature of the substituent alkyl group and of 
its position in the benzene nucleus in relation to the polar sulfonate group. 

Recently new r types of compounds in which the active or polar part of 
the molecule is a sulfate or sulfonate group have been developed com¬ 
mercially and* widely recommended as ideal detergents, wetting and 
penetrating agents The si ability of solutions of these compounds in the 
presence of acids and in hard water permits their application under 
conditions which would prohibit the use of soap. The uses, advantages, 
and method of manufacture of one class of these products, the “sulfonated” 
higher alcohols, have been discussed by Killefer (2). Our experiments 
were extended to measure the adsorption or rate of exhaustion of such 
compounds from their water solutions by wool, and to study their effect 
when used as leveling agents m dyeing. 

I. PREPARATION OF SULFONATES AND SURFACE TENSION MEASUREMENTS 

The sulfonation of benzene, toluene, xylene, and cymene was accom¬ 
plished by the general method of Gatterman (3), using fuming sulfuric 
acid and the minimum temperature required for each reaction. The 
sodium sulfonate was precipitated by treating the reaction products with 
saturated sodium chloride solution, or was obtained by neutralization 
with sodium hydroxide and evaporation. The sodium sulfonate was then 
purified by recrystallization from absolute alcohol or acetone until it was 
free of sulfate. Acetone was the more effective medium for the purifica¬ 
tion of the higher members of the series. Ethylbenzene, isopropylbenzene 

1 Student Research Foundation Fellow, 1931-1933. 
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and butylbenzene were prepared by the Fittig synthesis (4), were then 
sulfonated, and their sodium salts obtained and purified as described above. 

Solutions of these salts in distilled water were prepared and their sur¬ 
face tensions were measured over a range of concentrations at a constant 
temperature of 18°C. These measurements were made by means of an 
improved torsion balance which was fully described by De Gray (5) in a 
recent article. The static or equilibrium surface tension values for these 
solutions are shown in figure 1. 



CONCENTRATION (MOLES PER LITER) 

Fig. 1 Lowering of Surface Tension by Sulfonates of Benzene Series 

In the case of sodium benzenesulfonate the observed lowering of the 
surface tension of water is roughly proportional to the concentration 
of the solute. In this its effect is similar to that of the lower members of 
the aliphatic series of acids or their salts and, in general, of substances in 
true solution which decrease surface tension. Beyond this first member 
the curves show increasing tendency to sag or to deviate from the straight- 
line relationship as the alkyl substituents increase in length or complexity. 
It is of interest to note that although the sulfonates of ethylbenzene (curve 
III) and xylene (curve IV) are identical in molecular weight, the latter 
is considerably more effective in lowering the surface tension of water. 
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This indicates that two substituent groups increase the surface activity 
of the compound more than a single group containing the same total 
number of carbon atoms. This point is exemplified further in the curves 
for the sulfonates of butylbenzene (curve VII) and cymene or p-methyl- 
isopropylbenzene (curve VII). These two curves also exhibit a minimum 
which is a characteristic of active surface-tension depressants and usually 
indicates a colloidal condition of the solute. With the exception of sodium 
benzenesulfonate, the solutes represented by the curves in figure 1 are 
probably mixtures of isomers. 



concentration (moles per liter) 

Fig. 2 Comparison of o- and p-Toluenesulfonatbs 

In the sulfonation of toluene a mixture of two Corners is obtained. 
This mixture is composed of approximately 70 per cent of the para and 
30 per cent of the ortho isomer. These two isomers were separated by 
taking advantage of the different melting points of the corresponding 
toluenesulfonyl chlorides, according to the method recommended by 
Beilstein (6). The o-toluenesulfonate and p-toluenesulfonate obtained 
from the separated sulfonyl chlorides were recrystallized from absolute 
alcohol, and surface tension measurements were made upon the solutions 
of each. These results are shown in figure 2 in relation to the curve for the 
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mixture of the two isomers. It will be observed that the ortho derivative 
is more effective than the para as a surface tension depressant and that in 
low concentrations the activity of the ortho isomer predominates in the 
mixture, while in more concentrated solutions the surface activity of the 
mixture approaches that of the less active para component. 

II. ADSORPTION OF WETTING AGENTS BY WOOL 

For these experiments a fine grade of virgin wool was thoroughly de¬ 
greased by scouring with soap and sodium carbonate, rinsed with distilled 
water and air dried. It was kept at constant humidity to attain a moisture 
content of approximately 13 per cent. Samples of wool weighing 5 g. 
were soaked for one hour at 50°C. in 500 cc. of the solutions of the wetting 
agents. The wetting agents used were the commercial products known 
as “Gardinol C.A.” (compound A) and “Igepon T” (compound B). Both 
are sodium salts, the former a sulfate of a higher alcohol (2) and the 
latter a sulfonate of a condensation product. The solutions contained 
0.5 per cent of the wetting agents and were made acid or alkaline by the 
addition of hydrochloric acid or sodium hydroxide. The pH values were 
determined colorimetrically at the end of the soak by means of standard 
indicators. 

The percentage exhaustion of the wetting agent by adsorption was 
determined, after removing the wool, by evaporating 100-cc. portions of 
the solutions, drying the residue at 100°C. in an oven and weighing it. 
When hydrochloric acid or sodium hydroxide had been used to change the 
pH of the solution, this was carefully titrated and the weight of the salt 
formed was subtracted from the weight of the residue. This weight was 
also corrected for the weight of wool dissolved by the solution in each case. 
The actual proportion of wetting agent adsorbed by 5 g. of wool from 500 
cc. of solution was obtained by comparing the corrected weight of the 
residue with the weight of residue resulting from 100 cc. of a solution of 
the wetting agent in which no wool had been soaked. The results, ex¬ 
pressed as percentage exhaustion from solution, are represented in figure 3. 
Since the weight of wool used in each experiment was twice the weight 
of wetting agent present in the solution, the adsorption percentages based 
upon the weight of wool will be one-half the values represented by the 
curves in figure 3. For example, at pH 1.5 the solution of compound B 
is 22.9 per cent exhausted; under these conditions the wool has adsorbed 
11.45 per cent by weight of this wetting agent. The experiments show 
that these substances are adsorbed from solution by wool in appreciable 
amounts only in acid solutions and that the amount of adsorption in¬ 
creases with increase in hydrogen-ion concentration. 

These results can be interpreted by considering the nature of the com- 
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pound in relation to the variation in the electrical charge of wool with 
change in pH. The wetting agents are sodium salts which, in water solu¬ 
tion, produce surface-active anions containing a polar group and a long 
carbon chain. These negative ions are similar to the color ions of acid 
dyes and are similarly adsorbed by wool which bears a positive charge in 
acid solutions. The isoelectric point of wool, as reported by Harris (7), 
occurs at pH 3.4. Some adsorption of the wetting agent occurs beyond 
this point, just as the adsorption curves of acid and basic dyes overlap to 
some extent. However, as the acidity decreases beyond pH 3.4, the nega¬ 
tive charge on the wool rapidly increases, and in this condition the wool 
repels the negatively charged ions so that no measurable adsorption occurs 
in this region. It is generally recognized that soap is not selectively ad- 
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sorbed from its solution (pH 10-11) by textile fibers; the explanation of 
this fact is obvious, since the surface-active ion (or ionic micelle) of soap 
is likewise negatively charged. 

The practical conclusion to be drawn from these experiments is that, 
although they are stable in acid solutions, the new types of wetting agents 
are so strongly adsorbed from solutions of high acidity that they can 
hardly be employed economically under these conditions. 

While no compounds furnishing positive ions of high surface activity 
were available for testing, it may be predicted that such substances would, 
like basic dyes, be strongly adsorbed by wool from alkaline solutions and 
negligibly adsorbed from acid solutions. 
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III. THE INFLUENCE OF WETTING AGENTS UPON THE ADSORPTION OF ACID 
AND BASIC DYES BY WOOL 

The wool used for these experiments v is a fine, white worsted knitting 
yarn. It was maintained at constant 1 umdit>, and one meter (about 
0.6 g.) was accurately weighed foi each test Methylene blue was used 
as the basic dye at a concentration of 0.2 per cent, the acid dye was Orange 
II, and the concentration of the dye solution was 0.1 per cent in this case. 
Series of experiments with each dye were also peiformed in which Gardinol 
was added to the extent of 0.1 per cent and 0.5 per cent of the weight of the 
solution. The samples of wool were boiled for 2 minutes in 50-cc. portions 
of the dye solutions, which were made acid or alkaline with sulfuric acid 
or sodium carbonate respectively. Each sample of wool was transferred 
from the dye bath to distilled water and boiled for 2 minutes. It was 
then placed in an Erlenmeyer flask, covered with distilled water, and the 
air was displaced by carbon dioxide. The contents of the flask were 
heated to boiling and the dye on the wool was titrated with titanous 
chloride, using a slight excess of this reagent. The boiling was continued 
until the color was completely discharged and the excess of titanous chlo¬ 
ride was then titrated with a solution of the same dye which served as its 
own indicator. A steady stream of carbon dioxide was passed through the 
flask throughout the titration. The pH values of the dye baths were 
obtained, after removing the wool, by means of a quinhydrone electrode. 

The results for the acid dye are shown in figure 4 and for the basic dye 
in figure 5. The percentages are based upon the weight of the wool. 
Quantitative data for the adsorption of acid and basic dyes have been 
published by Briggs and Bull (8), who also studied the effect of the addi¬ 
tion of salts to the dye bath. The results represented by curve I for each 
dye are consistent with the data of Briggs and Bull and with Bancroft's 
generalizations for the adsorption of dyes (9). With regard to the in¬ 
fluence of the wetting agent or leveler, this can again be interpreted from a 
consideration of the nature of the surface-active ion in relation to the 
electrical condition of the wool. As shown in figure 3, Gardinol is strongly 
adsorbed by wool in acid solutions and, since its active ion is nega¬ 
tive, this interferes with and decreases the adsorption of an acid dye in 
which the surface-active ion is also negative. In the case of the basic 
dye in which the active ion is positive, its adsorption is increased in acid 
solutions by Gardinol because of the strong adsorption of the negative ion 
of Gardinol. This is entirely consistent with Bancroft's statement that a 
readily adsorbed anion will increase the adsorption of a basic dye and 
decrease the adsorption of an acid dye. However, in alkaline solutions 
the adsorption of the basic dye is decreased by the Gardinol. This is 
apparently in contradiction to the rule just stated, but is not so in reality 
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since, of course, an anion is not “readily adsorbed” by wool in an alkaline 
solution. The ability of Gardinol to decrease the adsorption of the basic 



Fig 4 The Influence of a Leveling Agent upon the Adsorption of an Acid 

Dye by Wool 



Fig. 5. The Influence of a Leveling Agent upon the Adsorption of a Basic 

Dye by Wool 

dye in alkaline solutions may be attributed to its peptizing or detergent 
action, or its negative ion (or micelle) may be thought of as competing 
with the negatively charged wool for the dye cation. 
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SUMMARY 

1. A number of the sulfonates of the benzene series have been prepared 
and the effect of the nature and position of substituent groups upon their 
surface activities has been studied. The surface tension-concentration 
relations of these products are compared with those of soap and other 
wetting agents. 

2. The adsorption of some commercial wetting agents by wool has been 
measured in solutions having various hydrogen-ion concentrations. It is 
shown that, for substances of this type, the adsorption parallels the poten¬ 
tial curve of the wool in acid solutions and is negligible in alkaline solu¬ 
tions. 

3. The influence of wetting agents upon the take-up of acid and basic 
dyes by wool at various hydrogen-ion concentrations has been determined 
quantitatively. These agents increase the take-up of basic dyes in acid 
solutions and decrease dyeing under other conditions. The results are 
interpreted in terms of the electrical condition of the fiber and the ad¬ 
sorption of the surface-active ions. 
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The colloidal dispersion commonly referred to as Kohlschutter’s silver 
sol (1) is prepared by conducting a stream of hydrogen into a solution of 
silver oxide containing an excess of the solid oxide and maintained at a tem¬ 
perature of 50-60°C. Kohlschiitter believed that the reduction took place 
on the walls of the vessel, both because the color of the sol varied with the 
nature of the vessel, and because in glass vessels of a given kind the velocity 
of the reduction was apparently directly proportional to the surface of the 
vessel exposed to the solution and inversely proportional to the volume of 
the solution. Thus in Thiiringen soft glass and in quartz the sols were 
usually yellow-brown in color, and in Jena glass they varied from red 
through reddish-brown to violet and blue. In every case sol formation was 
accompanied by the deposition of a heavy black “mirror” of metallic silver 
on the vessel walls. The solubility of the glass was not regarded as an 
important factor in determining the nature of the sol, since the color of a sol 
formed in a certain kind of glass was the same even though the silver oxide 
solution used had been previously allowed to stand for a considerable time 
at 60°C. in another kind of glass. 

Kohlschiitter found that relatively large amounts of unreduced silver 
oxide remained in a sol even after prolonged treatment with hydrogen. 
The excess oxide may be removed by passing hydrogen through the sol 
contained in a platinized platinum vessel protected from the air with a bell 
jar. By this procedure the excess oxide was reduced, the silver depositing 
on the platinum vessel. The conductivity of the sols was i educed to 4 to 8 
X 10~ 6 mhos, which was approximately one-tenth that of the original sols 
without any appreciable change in their appearance. On analysis he 
found, however, that the amount of silver in the colloidal particles had de¬ 
creased during the purification process, and from this he deduced that the 
colloidal particles in the original sol contained some oxide. Since in general 
the particles in the yellow-brown sols contained more oxide than the parti¬ 
cles in the reddish to blue sols, Kohlschiitter claimed that the walls of the 
containing vessel determine the ratio of silver to silver oxide in a sol, as well 
as its color. 
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Erlach and Pauli (2) observed that a sol prepared by Kohlschiitter’s 
method, using hydrogen from a Kipp generator, always contained sulfur 
which came from hydrogen sulfide present in the hydrogen. Starting with 
pure silver oxide and pure electrolytic hydrogen there was said to be no sol 
formation in a hard glass or a silver vessel, but if a trace of potassium car¬ 
bonate, sodium hydroxide, or ammonium hydroxide was added to the silver 
oxide solution a stable sol resulted. As a matter of fact, sols were obtained 
with electrolytic hydrogen, formed by electrolysis of sodium hydroxide, 
unless the gas was washed with concentrated sulfuric acid which was sup¬ 
posed to take out “alkali mist.” The effect of alkali was attributed to the 
formation of an argentate, such as NaAgO, which served as the stabilizing 
electrolyte for the sol. In support of this they confirmed Kohlschiitter’s 
observations that the colloidal particles contained up to 20 per cent of un¬ 
reduced silver. The stabilizing effect of a trace of hydrogen sulfide was 
attributed to the formation of some silver complex, but it is not obvious 
what this would be or how it would form. 

Pauli’s explanation of the necessity for sol formation of having either 
alkali or hydrogen sulfide in the reduction mixture is open to question. 
Pauli was unable to prepare a sol with pure silver oxide and pure hydrogen, 
but he was also unable to prepare a stable sol by the Bredig method in pure 
water. Best and Cox (3) had no difficulty with the latter preparation when 
they hit upon the right conditions and it seemed probable that a sol would 
result with pure hydrogen and silver oxide if one knew how to do it. As a 
matter of fact, the experiments to follow will disclose that silver sol forma¬ 
tion by Kohlschiitter’s method is not determined either by the catalytic 
effect of the walls of the containing vessel, as stated by Kohlschutter, or 
by the presence of a substance capable of forming a complex negative 
stabilizing ion, as assumed by Erlach and Pauli. 

EXPERIMENTAL 

Procedure and reagent* 

The experimental procedure consisted simply in conducting hydrogen 
into silver oxide solutions in different kinds of glass vessels at a temperature 
ranging from 50-60°C. and noting what took place. Special attention was 
taken in the preparation and handling of the reagents. The silver oxide 
was precipitated from N/10 silver nitrate with a slight excess of N/10 
sodium hydroxide, and washed ten times by decantation with boiling dis¬ 
tilled water. A saturated solution was prepared by continuous shaking of 
a large excess of the solid oxide with 250 cc. of water for three to four hours. 
The entire process was carried out in the dark and the solutions were stored 
in the dark. Conductivity water from block tin stills was used throughout. 
The hydrogen was prepared by the process of Cooke and Richards (4). 
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The generator which contains the system, zinc amalgam-dilute hydrochloric 
acid-platinum, has been found to give hydrogen whose only impurity is a 
small amount of gaseous hydrogen chloride. To remove the latter the gas 
was passed over solid potassium hydroxide, then washed through distilled 
water and, as a final check on its purity, it was passed through a wash-bottle 
containing silver oxide solution before being conducted into the silver oxide 
solution in the reduction vessel. 

The reduction vessels were test tubes with a hydrogen inlet tube of the 
same material. This type of vessel was chosen since it required the use of 
less of the pure reagents and assured thorough mixing and more intimate 
contact between the reacting compounds and the vessel walls. All connec¬ 
tions in the gas train were glass to glass with one exception. Since a quartz 
reduction vessel and inlet tube was employed in some cases, the end of the 
quartz inlet tube was held against the end of the glass tube from the wash 
train by a short piece of gum rubber tubing which had previously been 
cleaned in a boiling sodium hydroxide solution and soaked in melted par¬ 
affin in a vacuum so that as the pressure was released into the evacuated 
space, the pores of the rubber were filled with the paraffin. This treatment 
of rubber has been found quite satisfactory in microanalytical work to pre¬ 
vent the rubber from giving off organic vapors and hydrogen sulfide. 
The same method of connection was used for all types of inlet tubes, for 
the sake of uniformity of procedure. 

The reduction mixture was kept at the desired temperature by immersing 
in a water bath consisting of a 1-liter beaker of water heated by the flame 
from a microburner. The temperature was readily maintained within the 
desired limits and observations were easily made. A few drops of paraffin 
oil on the surface of the water decreased evaporation and this facilitated the 
maintenance of a constant temperature for long intervals. 

Between runs the reduction vessels and the hydrogen inlet tubes were 
thoroughly cleaned as follows: The vessels were (1) soaked in concentrated 
nitric acid for six to twelve hours, (2) boiled with concentrated nitric acid 
for 5 minutes, (3) washed with distilled water and soaked for twelve to 
fifteen hours in several changes of distilled water, and (4) steamed for 5 
minutes just before using. 

Reduction of saturated silver oxide in the presence of excess solid 

In order to test the effect of the containing vessel on the nature of the sol, 
mirror formation, and the action on solid silver oxide, observations were 
made with vessels of soft glass, Pyrex, and quartz. The results are sum¬ 
marized in table 1. 

At the end of each of the above experiments the excess solid silver oxide 
was collected and, after washing several times with distilled water, it was 
found to be only partially soluble in dilute nitric acid (0.01 N) and in aque- 
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ous ammonia. The residues were washed and found to dissolve in concen¬ 
trated nitric acid. From this it is apparent that the solid particles were 
partially reduced to metallic silver, the process being retarded gradually 
as the surface became coated with a silver film. Kohlschiitter’s statement 
that the solid silver oxide was not acted upon is obviously not in accord with 
the facts. 

Although the differences in the colors of the sols were quite apparent, 
they were not as marked as would have been expected from Kohlschiitter’s 
report. 


TABLE 1 


Reduction of saturated silver oxide solution containing an excess of solid silver oxide 

Temperature 55-58°C. 


REDUC¬ 

TION 

VESSEL 


OBSERVATIONS 


After ft few 
minutes 

After 3 to 4 hours 

After 12 hours 

Soft 

Weak sol; sil- 

Sol light yellow-brown in 

Dense sol, deep yellow-brown 

glass 

ver mirror 
on walls. 

(T)*and yellov in (R)t 
Deposit on wall in¬ 
creasing. 

in (T) and dark gray to 
browm-green in (R) Heavy 
black mirror on walls of in- 
| let tube and containing 
vessel. 

Pyrex 

Weak sol; sil¬ 
ver mirror 
on walls 

Sol light yellow-brown in 
(T) and gra\ ish yellow - 
green in (R) Deposit 
on w r alls incicasing 

Dense sol, deep brown with a 
reddish tinge in (T) and 
grayish yellow'-green in (R). 
Heavy black mirror on walls 

Quartz 

Weak sol; no 
mirror 

Sol yellow-brown in (T) 
and yellow -green in 
(R); no minor. 

Dense sol, deep yellow'-brown 
in (T) and dark brownish- 
green in (R); no mirror. 


* (T) = transmitted light 
t (R) — reflected light 


Reduction of silver oxide solution in the absence of excess solid 

Since solid silver oxide is reduced by hydrogen at 55-60°C., observations 
were made of the effect on the sol formation process of eliminating the 
excess suspended solid. The results are given in table 2. 

The above sols attained their maximum color after three to four hours, 
showing no perceptible darkening thereafter. The black mirror deposit 
likewise deepened very little after the first few hours. In every case the 
sols contained appreciable amounts of silver in solution even after prolonged 
treatment with hydrogen. 

Reduction of ultrafdtered solutions of silver oxide 

Since reduction of filtered silver oxide solutions with hydrogen gave only 
weak yellow sols in spite of the fact that they contained considerable unre¬ 
duced silver in solution, it seemed probable that the substance reduced 
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was not the silver in solution but colloidally dispersed silver oxide that was 
not removed by filtration through an ordinary filter. In support of this it 
was found that the saturated solutions, such as used in the preceding experi¬ 
ments, always contained appreciable amounts of colloidally dispersed oxide. 
To remove this in so far as possible, the saturated solution was ultrafiltered 
before use. For this purpose a filtering membrane was prepared by impreg¬ 
nating No. 40 Whatman filter paper with collodion from a 4 per cent solution 

TABLE 2 


Reduction oj filtered saturated silver oxide solution 
Temperature 55-58°C. 


REDUC- 


OBSERVATIONS 


VESSEL 

\ftor 1 hour 

\fter 5 to fi hours 

After 12 hours 

Soft 

glass 

Very weak sol; thin 
silver mirror on 
walls 

Light yellow’ sol; some 
darkening of mirror. 

Almost the same as 
after 5 to 6 hours 

Pyrex 

Veiy weak sol; thin 
silver mirror. 

Light yellow r sol; some 
darkening of mirror. 

Almost the same as 
after 5 to 6 hours 

Quartz 

Extremely weak sol; 
no mirror. 

Light yellow-brow n sol; 
no mirror. 

Almost the same as 
after 5 to 6 hours 


TABLE 3 

Reduction of ultrafiltered sedations of silver oxide 


REDUCTION VESSEL 


OBSERVATIONS 


Soft glass 

Pyrex 

Quartz 


Platinum (quartz 
4" platinum foil) 

Silver (quartz -f 
silver foil) 


Silver mirror starts to form after 1 hour and darkens gradually; 
little or no sol formation in 35 hours; silver ion in the solution. 

Silver mirror starts to form after 1 to 2 hours and darkens slowly; 
no sol formation in 35 hours; silver ion in the solution. 

No sol formation and no mirror formation even after 100 hours; 
nephelometric analysis shows no loss in silver ion concentra¬ 
tion. 

No sol formation; no deposit on quartz tube; after 12 hours all 
the silver deposited on the platinum foil in the form of minute 
hexagonal platelets. 

No sol formation or deposition of silver on either the walls of the 
quartz vessel or the silver foil. 


in glacial acetic acid. The membrane was used in a gold-plated ultra¬ 
filter in which the wire gauze usually employed was replaced with a sheet of 
perforated gold foil. At a pressure of 40 lbs. per square inch, 125 cc. of 
solution was filtered in 5 minutes. Filtration with a cellophane membrane 
was unsatisfactory, since it reduced the silver solution completely. The 
observations with ultrafiltered solutions in various vessels are given in 
table 3. 
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The results shown in table 3 furnish conclusive evidence that silver oxide 
in true solution is not reduced in a quartz or silver vessel by hydrogen. 
Since there is no action in a quartz container, silver or platinum foil in a 
quartz vessel is equivalent to a container of the metal in question. 

The reduction of dissolved silver oxide in the presence of platinum is 
due to catalytic activation of the hydrogen at the surface of the metal. As 
a result, hydrogen goes into solution as hydrogen ion and an equivalent 
amount of silver ion leaves the solution, giving a minute nuclear deposit of 
silver at certain points on the platinum surface. As the process continues, 
these nuclear deposits grow to relatively large hexagonal platelets of silver. 
This phenomenon does not take place at a silver surface because hydrogen is 
not catalytically activated to any appreciable extent by silver, under the 
conditions of the experiment. 

The ease with which solid silver oxide, in suspension or on the walls of 
the vessel, is reduced by hydrogen indicates that hydrogen is activated 
at the surface of silver oxide or at the interface silver-silver oxide (5). 

The reduction at the surface of the glass vessels with the formation of a 
mirror-like deposit is probably preceded by the formation of a film of silver 
oxide, which is subsequently reduced. The deposition of a silver oxide film 
is due either to adsorption from solution or to precipitation by means of 
alkali dissolved from the glass. In support of the latter view it has been 
found by H. L. Johnston 1 at Ohio State University, that the solubility of 
silver oxide in water, 2.2 X 10 4 equivalents per liter, 2 * is reduced enor¬ 
mously by the presence of very small amounts of alkali. Thus 0.02 N alkali 
reduces the solubility to 6 X 10 • equivalents per liter, which is approxi¬ 
mately 3 per cent of the solubility in pure water. At a temperature of 50- 
60°C. sufficient alkali is extracted from the glass to cause the deposition of a 
film of oxide which is promptly reduced. Continuation of the ^process 
causes a gradual thickening of the mirror thus deposited. The process is 
in no sense a result of the catalytic activation of hydrogen by the glass 
surface. No film formation occurs on a quartz vessel because of the insol¬ 
ubility and non-alkaline character of the surface. 

Further evidence in support of the above conclusions is furnished by the 
results of three experiments in which very dilute alkali, colloidal silver 
oxide and colloidal silver, respectively, are added to the ultrafiltered solu¬ 
tion in a quartz vessel before conducting in the hydrogen. The silver oxide 
sol was formed by saturating and filtering a solution at 100°C. and cooling. 
The results are given in table 4. These observations support the view that 

1 Private communications. 

2 Kohlschtitter believed the solubility of silver oxide to be twice this value. The 
most probable explanation is that Noyes and Kohr (J. Am. Chem. Soc. 24, 1143 

(1902)) reported a value of'2 16 X 10“ 4 moles per liter, but their data shows that 

they meant to say 2 16 X 10“ 4 equivalents per liter. 
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sol formation and mirror formation by Kohlschiitter’s method result from 
reduction of solid silver oxide and not of the dissolved compound. Col¬ 
loidal silver, like silver in mass, does not catalytically activate the hydrogen 
and effect reduction. 

Because of the precipitation of silver oxide by the alkali extracted from 
glass, an ultrafiltered solution stored in a Pyrex flask for two weeks gave a 
light yellow sol on reduction in a quartz vessel. The precaution was there¬ 
fore taken to store the stock solutions in quartz. The very slow formation 
of a weak sol in a glass vessel with the ultrafiltered solution may result from 
the breaking-off of pieces of the mirror first deposited on the walls, or of 
silver oxide itself before the latter is reduced. 


TABLE 4 

Reduction in a quartz vessel of ultrafiltered silver oxide solutions after certain 

additions 


ADDITIONS 

OIMERVATTONB 

Solution made 2 to 

5 X 10 -4 to so¬ 
dium hydroxide 

Colloidal silver 
oxide 

Colloidal silver 

Weak sol after 1 hour; light yellow to yellow-brown sol after 4 to 
5 hours; no mirror; colorimetric examination shows that the 
depth of color increases with the sodium hydroxide concen¬ 
tration but not in direct proportion. 

Sols are formed, the depth of color of which was found by colori¬ 
metric analysis to bo directly proportional to the amount of 
colloidal silver oxide added; no mirror formation. 

No reduction of the solution and no mirror formation even after 
30 to 40 hours. 


Reduction of silver oxide solutions formed by diluting the saturated solution 

In the experiments considered in the last section there is one possible 
source of error. In the ultrafiltration process to remove all silver oxide 
nuclei, the solution came in contact with both the ultrafiltration membrane 
and the rubber gasket. The possibility that some foreign substance was in¬ 
troduced which would inhibit the reduction process was not excluded. To 
get around this possible source of error, the colloidal silver oxide was re¬ 
moved from the saturated solution by diluting with enough water to dis¬ 
solve the colloidal oxide. The dilutions were made in quartz vessels and 
the resulting solutions were allowed to stand for three to four days to es¬ 
tablish equilibrium conditions. Some observations with such solutions are 
given in table 5. 

It is apparent from the above experiments that a filtered saturated solu¬ 
tion diluted in the ratio of 6 of solution to 4 of water is not reduced at all 
by hydrogen in a quartz vessel at 50-60°C. The solution diluted in the 
ratio of 7:3 showed barely perceptible sol formation. The obvious expla¬ 
nation is that the dilution in the ratio of 6:4 is sufficient to remove all col- 
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loidal oxide, thus eliminating reduction with the formation of silver sol. 
In soft glass at this dilution, mirror formation proceeds slowly and sol 
formation is extremely slow. The common ion effect of the alkali from 
the glass is localized at the surface, depositing a film of oxide which is sub¬ 
sequently reduced. If the dilution is in the ratio of 1:5, the alkali from the 
glass is insufficient to precipitate the oxide and no mirror formation results. 
This indicates that the precipitating action of alkali is a more important 
factor in the formation of a film of silver oxide on the glass than adsorption 
of silver oxide from solution by the glass wall. For if the latter were the 
important thing, one would expect some mirror formation from the diluted 
solution, especially since the adsorption is in general proportionately greater 
from more dilute solutions. The absence of mirror formation in quartz 
and silver with saturated solutions likewise indicates that the precipitating 


TABLE 5 


Reduction of silver oxide solutions formed by reducing saturated solutions 


REDUCTION 

DILUTION 

VESSEL 

Solution water 

Quart/ 

5:5 

Quartz 

7:3 

Quartz 

6:4 

Soft glass 

6:4 

Soft glass 

1:5 


OHHEKVA1 IONS 

No sol and no mirror oven after 30 to 40 hours. 

Very light yellow sol in 10 to 12 hours; no mirror. 

No sol and no mirror even after 30 to 40 hours. 

Faint mirror after 2 hours, darkening gradually; very 
light yellow sol in 30 hours. 

No sol and no mirror even after 30 hours 


action of alkali from glnss is more important than adsorption of silver oxide 
from solution, as the initial step in mirror formation. 

Samples of solutions diluted in the ratio of 6:4, which are not reduced at 
all in quartz, were treated with alkali, colloidal silver oxide, and colloidal 
silver in the same way as the ultrafiltered solutions considered in the last 
section. The results were identical with those recorded in table 5 and are 
therefore not repeated here. These observations merely confirm the obser¬ 
vations with ultrafiltered solutions and show that no complication was 
introduced by the ultrafiltration process. 

In this connection it may be mentioned that the solubility of silver oxide 
determined by chemical methods is approximately 2.2 X 10‘ 4 , while that 
by conductivity methods is 1.38 X 10~ 4 equivalents per liter (6). From 
this it is assumed that the silver hydroxide which is formed in solution is 
approximately 60 per cent dissociated. In view of the fact that 4 parts of 
water must be added to 6 parts of saturated silver oxide as ordinarily pre¬ 
pared in order to get rid of all colloidal silver oxide, it is suggested that the 
higher values of the solubility as determined by chemical methods may be 
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due in part to the presence of some colloidally dispersed oxide in the solu¬ 
tion. This question is now being investigated. 

Effect of purity of the hydrogen on sol formation 

It will be recalled that Pauli and Erlach failed to obtain silver sols in 
Pyrex vessels with pure solutions and electrolytic hydrogen freed from 
“alkali mist” with sulfuric acid. Since we always obtained sols with hydro¬ 
gen, free from alkali, provided the saturated solution was not ultrafiltered 
or diluted to eliminate colloidal silver oxide, the failure of Pauli and Erlach 
to obtain sols must be explained on some basis other than purity of hydro¬ 
gen. There are two possibilities: either the silver oxide solutions which 
they used were too dilute to give sols or mirrors with glass (see table 5), 
or the sulfuric acid used in the washing train to remove alkali mist substi¬ 
tuted a sulfuric acid mist in its place. Since they doubtless worked with 
saturated solutions, the latter explanation appears the more probable. At 
any rate it was shown that a filtered saturated silver oxide solution which 
contained colloidal silver oxide gave no mirror or sol on treating with 
hydrogen for forty hours provided the solution was made 10“ 3 N with sulfuric 
acid. With 10 4 N acid very slight sol and mirror formation was observed 
after twelve hours. Sulfuric acid added directly or with the hydrogen has 
the same effect as dilution in removing silver oxide particles and in prevent¬ 
ing the deposition of a silver oxide film on the walls of the vessel. 

The results of this investigation may be summarized briefly as follows: 

1. The formation of Kohlschiitter’s silver sol by the reduction of silver 
oxide with hydrogen at 50-60°C. is accomplished only in the presence of 
solid silver oxide. Saturated solutions that have not been ultrafiltered 
ordinarily contain appreciable amounts of the colloidally dispersed oxide. 

2. In a quartz or silver vessel an ultrafiltered silver oxide solution under¬ 
goes no reduction with pure hydrogen at 50-60°C.; in a glass vessel the re¬ 
duction is confined to the surface of the glass giving a thin mirror of metal: 
in a platinum vessel the reduction is at the surface of the metal, depositing 
relatively large hexagonal platelets of silver. 

3. The reduction of silver oxide solution in a platinum vessel results 
from catalytic activation of the hydrogen at the platinum surface. There 
is no catalytic activation of hydrogen and no reduction at the surface of 
quartz or silver. 

4. Mirror formation by reduction in glass vessels is not due to catalytic 
activation of hydrogen at the surface of glass as implied by Kohlschiitter. 
The mirror formation is preceded by the deposition of a film of oxide which 
is subsequently reduced. The oxide film results chiefly from precipitation 
by means of alkali dissolved from the glass, but may be due in part to ad¬ 
sorption of the oxide from solution. 
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5. The ease with which solid silver oxide, in suspension or on the walls 
of the vessel, is reduced by hydrogen, indicates that hydrogen is readily 
activated at the surface of silver oxide or at the interface silver-silver oxide. 

6. Pauli's view that sol formation will not take place except in the pres¬ 
ence of alkali or sulfide which can furnish a complex stabilizing electrolyte, 
is not in accord with the experimental evidence herein recorded. 
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INTRODUCTION 

Gases which are easily compressible condense readily as a rule on sur¬ 
faces exposed to them. At sufficiently high pressures changes in the 
amount of gas condensed on the walls of an apparatus, resulting from altera¬ 
tions in the pressure, are small compared with changes in the quantity of 
gas contained in the free space of the apparatus. They may therefore be 
neglected, except in cases where a high degree of accuracy is required; for 
example, in measurements of gaseous densities for atomic weight determi¬ 
nations. Not so, however, at low pressures. Here, not only the amount 
of gas contained in the free space of the apparatus, but also the amount 
sorbed on the enclosing walls may vary directly with pressure—the so- 
called “Henry range.” If the initial slope of the sorption isotherm is 
greater than that of the isochor for the apparatus concerned the two curves 
will intersect, for the latter continues to rise, whilst the former tails off more 
or less rapidly as saturation of the surface is approached. In such cases 
calculations based on the pressure changes observed in an apparatus of 
known volume may be subject to serious error, and this may escape un¬ 
noticed unless there is some possibility of controlling the results by an 
independent method* 

The diagram of figure 1 represents a case in which the free gas content 
at 20°C. of an apparatus of two-liter capacity is compared with the early 
portion of a typical sorption 1 isotherm at the same temperature. In gen¬ 
eral there is no necessity foi the two curves to intersect, as in the hypo- 


1 In the absence of suitable data for glass the start of the 20°C. isotherm for Bulfur 
dioxide on 0.05 g. of wood charcoal (writer’s unpublished results) has been plotted. 
The smoothed curve is the commencement of a “Freundlich” equation, A — 50.0 
p 0 * 787 , where A is given in micromoles and p in millimeters of mercury. An equation 


of the Langmuir type, A 


124 p 
l+5.52p’ 


would fit the upper points of the figure reason¬ 


ably well, but falls however below the first three points. 
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thetical case depicted here. There will, however, usually be found a range 
of low pressure over which the slopes will not be widely different, and over 
this range the same remark applies. 

APPARATUS 

The apparatus in which the experiments about to be described were 
performed, was constructed for the purpose of examining the suitability 



Fig. 1. Curve I: Isochor for apparatus of two-liter capacity at 20°C. May be 
considered a straight line for all gases over the pressure range here in question. 

Curve II: Typical isotherm for easily condensible gas. Approaches a limiting 
saturation value at higher pressures unless capillary condensation intervenes. 


of the McLeod gauge as an instrument for measuring low pressures of sulfur 
dioxide. In that section of the apparatus with which we are here con¬ 
cerned (figure 2), thefollowingcombinationswereindependentlypossible:— 


Volume bulb <_> Gas train 

/* T 

/ 

McLeod gauge No. 1 4 * McLeod gauge No. 2 


Evacuating system 


Gas supply 


The estimated surfaces and volumes of the different parts of the system 
bounded by taps or seals were as follows: gas train (T, to T,), 750 sq. cm., 
164 cc.; volume of bulb, R, 560 sq. cm., 997 cc.; McLeod gauge No. 1, Gi, 
660 sq. cm., 319 cc.; McLeod gauge No. 2, G 2 , 290 sq. cm., 269 cc. Volume 
estimates are probably more accurate than those of surface. The exact 
significance of estimates of the geometrical surface is uncertain, since 
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calculations of sorption data based on such estimates in the case of glass 
indicate the existence of an unduly large number 2 of superposed layers of 
closely packed molecules under certain conditions 
The two McLeod gauges were similar m size and shape, each having a 
bulb of ca 180 cc volume and a compression chamber consisting of a length 
of quill tubing of cross section equivalent to 7 29 cu mm per millimeter, 
surmounted by a capillary of 1 88 cu mm per millimeter At the highest 
mark a column of 1 cm of mercury corresponded to a gas pressure of 1 5 



Fia 2 Apparatus Used in tiie Experiments 
R, volume bulb, Gi and G 2 , M< Leod gauges, C, ( ondensation bulb t ontaimng phos¬ 
phorus pentoxide, Pi and P 2 , phosphorus pentoxide drying bulbs, Mi and M 2 , manom¬ 
eters for controlling pressure of gis to be admitted to muropipette, T s , single-bore, 
three-way tap with appendix forming micropipette, TV, tap to evacuating system, 
1 9 , tap to reserve of sulfur dioxide 

Right-hand side of system —Me Leod G 2 , bounded by mercury seals Si and S 2 anP 
by tap Tt Left-hand side of system —Me Leod Gi, bounded by Si, T» and T 4 , plus 
volume bulb R, plus gas train between T\ and TV 


microns of mercury in the system The upper limit of the reading range of 
McLeod gauges was a pressure of 4 mm of mercury 

The two gauges were connected directly by way of a mercury seal, Si, 
but for the remaining connections carefully chosen glass taps lubricated 
with lubber grease (later replaced by Apiezon) were employed Separat¬ 
ing the system from the gas supply there was a capillary tap, T 8 , with 
three outlets at 120° to one another but only one bore One of the outlets 
had been sealed off to form a short appendix, and by connecting this with 

2 For example, circa fifty layers of water, five layers of carbon dioxide (Langmuir 
J Am Chem Soc 38, 2283 (1916)) 
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the source of supply and the system successively, the pressure in the latter 
could be increased by amounts as small as desired, the pressure of the 
supply having been suitably adjusted beforehand. This tap, the only one 
bounding the system to have on the other side sulfur dioxide at appreciable 
pressures, could be isolated by a second mercury seal, S 2 , introduced be¬ 
tween it and the McLeod gauge G 2 . 

TREATMENT OF APPARATUS 

Following the usual practice, the constituent parts of the apparatus had 
been cleaned with chromic-sulfuric acid 3 mixture before assembly. After 
completion of the air calibration, for which one of the McLeod gauges 
served as reference volume, the apparatus was exhausted thoroughly and 
baked out at 250~300°C. with the mercury vapor pump running. Heating 
elements in the form of nichrome wire spirals wound on Pyrex quill and 
mounted parallel to the axes of sheet asbestos cylinders, reinforced where 
necessary by a backing of sheet “tin,” were found very convenient for 
heating the gauges, which for this reason had been mounted on iron stands 
instead of the usual form of wooden support. In order to permit of their 
easy removal when not in use the heating ovens were hinged down one 
side. During the baking-out of the McLeod gauges the gas train and 
volume bulb were heated at intervals by the aid of the spirit flame. A cowl 
of asbestos sheet suitably arranged prevented the formation of a cold cap 
on the upper hemisphere of the volume bulb. 

The outgassing treatment was repeated each time the gas in the appa¬ 
ratus was changed and whenever the accumulation of surface moisture 
was suspected, owing to the attainment of an apparently negative pressure 
on exhausting 4 or to a drop in the calculated pressures on passing from 
mark to mark on the McLeod gauge. 

EXPERIMENTAL PROCEDURE 

The experiment consisted in distributing a certain quantity of sulfur 
dioxide at low pressure between the different sections of the apparatus 

3 This treatment, though customary in gas work, possesses the disadvantage of 
covering the surface of the glass with a layer of silica gel, thereby increasing the 
sorption characteristics of the apparatus (cf. H. S Frank: J. Phys. Chem. 33 , 970 
(1929)). From this point of view swabbing out with cotton-wool soaked in benzene 
might be preferable, other things being equal, the solvent removing the grease and 
mechanical action the insoluble matter. 

4 Differences in the dryness of the surface of the glass in the compression chamber 
and its comparison capillary cause the depression of the mercury meniscus in the two 
to differ, although the diameters are the same in both (cf. L. Dunoyer: La Technique 
du Vide, p 74). The effect was frequently observed after unusually high tempera¬ 
tures had prevailed in the laboratory for some hours at a time. Under such condi¬ 
tions there is a disengagement of water from 1o\n er sorption levels, which the pen- 
toxide bulbs in the train are not able to remove immediately. 
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and measuring the pressure in each side independently. After each 
redistribution the apparent quantity of gas present in the apparatus was 
calculated from the known volumes of the different sections and the ob¬ 
served temperatures and pressures. The total quantity was then com¬ 
pared with an arbitrarily chosen initial reading for which the whole of the 
free gas had been collected in McLeod gauge No. 2, hereafter referred to as 
the right-hand side of the apparatus. When equality of pressure had been 
attained in both sides of the system, a further transfer of gas could be 
effected by applying a wad of cotton-wool soaked in liquid air to an appro¬ 
priate section of the train for a short time and manipulating the taps 
accordingly. By proceeding in this manner it was possible to distribute the 
gas in either direction at will from a state of uniform pressure, or to collect 
practically the whole 6 of the free gas in either side of the system. 

RESULTS 

The results of a typical series 6 of distributions in both directions, repeated 
three times, are given in figure 3, in which the percentage variation from the 
initial reading has been plotted against the time in days from the start. 
In order to avoid undue extension of the time scale the intervals between 
the last readings on one day and the first on the next have been omitted. 
Lines joining the experimental points merely indicate the sequence of the 
readings; they do not, in general, represent an attempt at intrapolation. 

In the course of the first distribution from right to left an apparent dis¬ 
appearance of gas was observed, sorption on the new surface exposed more 
than counterbalancing desorption from the old consequent upon the pres¬ 
sure, drop in the right-hand side. Completion of the transfer was accom¬ 
panied by a partial recovery of the loss. After returning the gas to the 
right-hand side of the system a gain of some 16 per cent (fifth day of 
figure 3) ensued, increasing to 20 per cent (eleventh day of figure 3) on 
repeating the cycle of operations. Sorbed gas was evidently being slowly 
disengaged from the enclosing walls of the system. 

Since early experiments of Herbert 7 had already shown the impractica- 

8 There was always a small after-release of gas on isolating a section of the appa¬ 
ratus which had been exposed to liquid air for a short period of time; hence the trans¬ 
fer of gas never appeared to be quite complete on attempting to collect the whole 
of the free gas in one side of the apparatus. 

8 In all, three series of distributions were performed with different quantities of 
gas in the system in each case. For reasons of economy in space the intermediate 
series only is discussed here; the preceding and following series, with twice and half 
as much free gas, respectively, in the system yielded entirely analogous results. 

7 J. M B Herbert (unpublished work performed at Manchester University). 
F. P. Burt (Trans. Faraday Soc. 130, 183 (1932)) reports that in the case of ammonia 
sorbed on glass several days exposure to the vacuum produced by charcoal cooled in 
liquid air is insufficient for the recovery of even half the quantity of gas sorbed during 
a week's run at atmospheric pressure. 
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bility of completely recovering sulfur dioxide sorbed on glass, even on rais¬ 
ing the temperature, there did not appear to be any likelihood of success 
attending an effort at recovery from a system at room temperature. 
Accordingly no attempt was made to push the matter to a limit; instead, 
a condensation bulb in the system was immersed in liquid air for three 
periods of ten minutes or so and the whole of the condensed gas was then 
allowed to expand into (a) the whole, (b) the right-hand side, and (c) the 
left-hand side, respectively, of the system. The peaks on the thirteenth, 
fourteenth and fifteenth days of figure 3 represent the earliest points taken 
in each case. 

It may be observed that the peak corresponding to the readings of the 
fourteenth day is double. This is due to the removal of a small quantity 
of permanent gas, which was found to have collected in the course of the 
experiments. It owed its origin in all probability to traces of air dissolved 
in the tap grease 8 during a check air calibration performed shortly before 
and now released under the combined influence of the low pressure in the 
apparatus and the high laboratory temperatures obtaining about this time 
on occasion. A correction based on the assumption of a uniform dis¬ 
engagement with time yields the dotted curve of figure 3; the general form 
of the curve is in no wise altered thereby and the effect is small compared 
with the other effects observed, so that a correction on this basis would 
appear to be not unjustified. 

Examination of the curve of figure 3, particularly in the corrected form, 
indicates that, for all practical purposes, a state of quasi-equilibrium had 
been reached 9 at the beginning of the series of distributions, i.e., the purely 
time-conditioned effect was negligible. The increasingly large develop¬ 
ment of free gas on collecting in the right-hand side of the system would 
appear to be due to the hysteresis effect associated with the sorption of 
easily condensible gases on glass surfaces. Exposure of the system to the 
low sulfur dioxide pressure obtaining at liquid air temperatures effects the 
release from the glass of quantities of gas, which are not resorbed imme¬ 
diately on raising the pressure again. 

The effect may be considered to be the counterpart of the phenomenon 
observed by Burt and Jones. 10 These observers found that in a sorbing 
system where sorption was proceeding with extreme slowness it was possible 
to cheat time, as it were, by temporarily raising the working pressure. On 
returning the system to the original pressure the sorption was found to 

8 It is not practicable to heat the tap^ of an apparatus during the outgassing and 
thus accelerate the liberation of dissolved gases from the lubricant, consequently the 
last traces are released with extreme slowness. 

9 The apparatus had been standing at low pressure for a fortnight before the series 
was commenced 

10 F. P. Burt, loc. cit. 
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Fig 3 Variation of Apparent Free Gas in System Plotted Against Time from 
an Arbitrarily Chosen Starting Point 

The lower, dotted line indicates that the truly time-conditioned desorption is 
practically nil; the main disengagement of gas is provoked by the low pressure 
resulting from the liquid air treatment 

The pressures obtaining at the distributions corresponding to the salient points of 
the curve w ere as follows • 


Start! 

1st peak! (5th day) 
2 nd peak! (11th day) 
3rd peak* (13th day) 
4th peak! (14th day) 
5th peak!! (14th day) 
6 th peak§ (15th day) 


Lt ft-hand aide 

0 00004 mm. Hg 
0 00030 mm. Hg 
0 00278 mm. Hg 
0 01519 mm. Hg 
0 00098 mm. Hg 
0 00049 mm. Hg 
0 02306 mm Hg 


Right-hand aide 

0 08318 mm. Hg 
0 09640 mm. Hg 
0 08626 mm. Hg 
0 01497 mm. Hg 
0 1311 mm. Hg 
0 1289 mm. Hg 
0 00010 mm. Hg 


* After distributing throughout w hole system, 

t After removal of trace of permanent gas. 

! Bulk of gas collected in right-hand side of system. 

§ Bulk of gas collected in left-hand side of system. 
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have attained values which would not have been reached in reasonable 
time had the sorbing pressure been maintained constant throughout. In 
the present case we secure an increased desorption by temporarily reducing 
the pressure in the system to very low values. 

The three peaks mentioned above (figure 3) are of interest for the light 
they throw on the loosely held surface gas in the system. Owing to the 
time required for the expanding gas to distribute itself throughout the 
different parts of the apparatus on evaporation some minutes elapse, after 
removal of the liquid air, before it is possible to take readings. Never¬ 
theless, the three peaks are, qualitatively at least, in the relative positions 
we should expect to find in the case of a given quantity of sorbate admitted 
to (a) the whole, (b) the smaller part, and (c) the larger part, respectively, 
of a sorbing surface. Quantitative agreement is hardly to be expected in 
view of the difficulty of securing identical conditions in each case. If we 
suppose, however, that the relative positions of the peaks under considera¬ 
tion are, in the main, due to differences in the instantaneous sorption, it 
follows that the amount of gas actually condensed by the liquid air corres¬ 
ponds to a still greater departure from the initial reading than is indicated 
by the highest peak recorded in the figure, that of the fourteenth day. 

CONCLUSIONS 

From the foregoing it appears evident that, in an apparatus containing 
an easily sorbable gas at low pressures, there is, in addition to the free gas 
in the system as calculated from the known volumes and observed tempera¬ 
tures and pressures obtaining, an indeterminate amount of sorbed gas 
potentially available for release on reducing the pressure. This sorbed 
gas escapes observation under the usual conditions of experiment, though 
it may equal or even exceed in amount the free gas in the system. In the 
absence of time effects the gas would be difficult to detect, but by taking 
advantage of the time-lag in the attainment of sorption equilibria its 
presence may be revealed and an estimate, almost certainly too low, made 
of the amount involved. 

In a typical apparatus containing sulfur dioxide a variation in the con¬ 
tent of free gas amounting to more than 50 per cent referred to an arbi¬ 
trary starting point, was observed. The ratio of surface to volume was not 
unduly large and the range of pressure variation in the system was from 
0.0001 to 0.10 mm. of mercury, i.e., not excessively low. 

Although the experiments described above were performed with sulfur 
dioxide in the system, the effect observed is in no way confined to this gas. 
It depends, as seen from figure 1, only on the relative shapes of the isochor 
and the sorption isotherm for the particular gas and apparatus concerned. 
Accordingly it majr be expected to be present in any apparatus containing 
an easily sorbable gas at a sufficiently low pressure. Hence, in the absence 
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of any control m the form of an independent method 11 of determining the 
quantities of substance involved, caution should be exercised in the inter¬ 
pretation of experimental results obtained under conditions similar to 
those considered above. 


SUMMARY 

1. Comparison of the forms of a typical sorption isotherm and the 
isochor of an apparatus of two-liter capacity indicate that, over a certain 
low pressure range, the gas sorbed on the walls of a relatively simple appa¬ 
ratus may approach or even exceed in amount that contained in the free 
space of the system. 

2. In the absence of some independent form of control this sorbed gas 
may entirely escape detection, but by taking advantage of the time-lag 
in the attainment of equilibrium in the case of glass as sorbent we may 
nevertheless observe a part of the pressure-sensitive sorbed gas. 

3. As an example, some measurements with sulfur dioxide are quoted, 
in the course of which a temporary disengagement of sorbed gas amounting 
to more than 50 per cent of the free gas at an arbitrary starting point was 
observed. The total quantity of sorbed gas in the system must have been 
still greater, since the instantaneous resorption could not be measured. 

4. Attention*, is called to the necessity for exercising caution in the 
interpretation of c cperimental results involving measurements of pressure 
changes in apparatus containing easily sorbable gas at low pressures, viz., 
pressures below 0.1 mm. of mercury. 

The experimental work on which this communication is based was per¬ 
formed at Frankfurt-am-Main during the tenure of a Fellowship awarded 
by the Alexander von Humboldt Stiftung, Berlin, to the Trustees of which 
the writer tenders his thanks. 

11 Such an independent form of contiol might he furnished, in sorption work for 
instance, bj the McBain sorption balance or some other suitable form of microbalance. 
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Cyclopentadiene is obtained in (he first runnings of the crude benzene 
from coal tar,and readily polymerizes,at temperatures up to 100°C., yield¬ 
ing chiefly dimoride. Above (his temperature polycyclopentadienes are 
also formed. The present experiments, which arose out of work in another 
connection, consisted essentially of an investigation of the rate of dimeri¬ 
zation, utilizing for this purpose the accompanying fall in vapor pressure. 

EXPERIMENTAL 

The crude dimoride was distilled and the fraction collected which boiled 
at 172.5°C. This was then redistilled and kept in a stoppered bottle in the 
dark. Some of the pure dimeride was boiled with iron filings in a flask 
fitted with a fractionating column. Ice-cold water was run through the 
condenser and the distillate collected in a receiver surrounded with ice, 
the fraction being employed which passed over at 41°C. This mono- 
meride changed over very rapidly into the dimeride and was therefore 
used immediately after it had been prepared. 

The apparatus employed was extremely simple and is shown in figure 1. 
The container for the liquid, A, which was similar in design to that de¬ 
scribed by Chaplin (1), was attached to the apparatus by a waxed ground- 
glass joint B. A T-piece, C, made connection with the manometer, D, a 
long tube dipping into a mercury reservoir, which was open to the air, 
while the other arm of the T-piece connected through the tap 10 with a 
Kraus mercury condensation pump, backed by a Ilyvac oil pump. Before 
each reading the zero was taken, and since the individual experiments only 
took a short time, there was no change in the zero over this period. This 
was checked by remeasuring after each pressure reading had been taken. 

In order to avoid the adjustment of a thermostat to the rather trouble¬ 
some temperature of 12°C., which had been fixed as suitable for the com¬ 
parison of vapor pressures, which would fall, during the course of the 
experiment, from the high value given by the monomeride to the much 
lower figure of the dimeride, measurements were always made at a series of 
neighboring temperatures, the results being plotted in the form of log 
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p:l/T. The container was kept at room temperature between the readings, 
and that chosen (12°C.) represented the average room temperature during 
the year in which the experiments were made. 



TABLE 1 

Zero reading = 27.98 cm. 


TBlfPERATURB 

1IMR AFTER OPENINO CONTAINER 

PRESSURE 

degree e C 

minutes 

cm Hg 

14.5 

4 

31 18 


7 

31 22 


14 

31 22 

6.9 

2 

30 11 


6 

30 25 


11 

30 25 

5 0 

8 

30 01 


17 

30 01 

0 0 

12 

29 51 


15 

29 54 


40 

29 54 

-22 9 

3 

28 03 


8 

28 18 


23 

28 31 


34 

28 40 


43 

28 40 


Two series of experiments have been carried out, in the first of which 
pure monomeride was introduced into the apparatus and the pressure read 
at various intervals over a period of approximately twelve months. In 
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order to define the compositions giving rise to the above pressure a second 
series was carried out, in which definite mixtures were made and the pres¬ 
sures measured immediately. This gave a pressure-composition curve, 



Unne in days 

150 200 250 500 



Fig. 3 


and hence the pressure-time series could be converted into composition¬ 
time readings. 

In table 1 the complete readings for the vapor pressure curve on the 
twenty-seventh day are given, and typical data expressed in figure 2, the 
pressures being in centimeters of mercury and the time in minutes. 
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The pressure figures at 12°C. were obtained from the log p: 1/T curves 
and are expressed in figure 3 which shows the change of pressure with 
time. 



04 02 00 % rionameride 

Fig. 5 


A selection of curves from the second series is given in figure 4, the values 
at 12°C\ being expressed in figure 5. 

It will be seen that the vapor pressure curve passes through a minimum at 
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a composition of approximately 0.36 per cent monomeride. This curve 
made it possible to calculate the composition at any point on the vapor 
pressure-time curve and hence the relation between per cent of mono¬ 
meride and time has been obtained, the data being expressed in figure 6. 

Tnme m days 


100 150 200 250 



JO 20 30 40 50 


Timne in days 
Fm. 6 

DISCUSSION 

One may regard the polymerization as proceeding for the one stage only 
(monomeride—>dimeride) under the conditions of experiment, since the 
pressure finally remained constant over a considerable period. The chief 
point of interest, however, lies in the fact that the dimeride forms liquid 
crystals. It is now well established that liquid crystals are phases inter¬ 
mediate between the crystalline (solid) and amorphous (liquid) states. 
G. Friedel (2) considers that there may be two or possibly more such 
phases between the true crystalline and the true liquid forms. He then 
states that the order of succession must always be crystalline, smectic 
(soap-like), nematic (thread-like), liquid, and the reaction goes in this 
direction with increasing temperature or on dilution. 

The present work showed that the dimeride exhibited these properties, 
for, after 150 days there was an appearance of thread-like bodies in the 
liquid, the latter becoming considerably more viscous, while after 181 days 
the solution set to a stiff opalescent jelly. On raising the temperature the 
reverse process took place. On the 203rd day the container was sur¬ 
rounded with ice for the lowest point, but the pressure obtained was ab¬ 
normally high. On removing the ice bath it was found that practically 
the whole of the solution had changed to a crystal mass (dimeride), leaving 
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only a small amount of liquor which was richer in monomeride than should 
have been the case if the liquid crystals had been present, thus causing the 
pressure to correspond to a composition of some weeks previously. After 
this point the 0°C. figure was omitted, the tendency for crystal formation 
being thereby largely removed. After 229 days the solution became more 
fluid as it approached the pure dimeride state. 

When the solution was fluid equilibrium was rapid, but as soon as liquid 
crystals had formed it was very slow. The points in figure 2 which were in 
contact with the smectic mcsophase have been marked with solid circles. 
A survey of the curves showed that the form was the same, whether the 
solution with which it was in contact was liquid or contained liquid crys¬ 
tals, at any rate to within experimental error over the range measured. 

After one year the monomeride had completely changed into the dimeride 
and there was no evidence from the vapor pressure measurements that the 
change was proceeding further. At the close of the experiment the liquid 
had a slight opalescence, but there was no trace of resin formation. How¬ 
ever, on exposure to air the liquid turned yellowish in color with distinct 
rapid lty. From t his i t would appear that only the reaction, monomeride —* 
dimeride, takes place in a vacuum, but that it proceeds to a resin in the 
presence of air. 

It would appear quite probable that the dotted lines in figures 3 and 5 
represent the correct curves, since the pressure is about the same amount 
below the smooth curve in each case, and as one is obtained from the 
monomeride—>dimeridc series and the other is the vapor pressure of a defi¬ 
nite mixture, this cannot be a chance agreement. On the basis of the 
phase rule, the two forms of liquid crystal are considered to be distinct 
phases and will therefore give rise to invariant points on the phase diagram. 
There are not enough points to show the position of each section of the 
curve, but the presence of a point so far removed from the smooth curve 
shows that the latter is discontinuous. 

The mesophases would appear to exert a considerable influence on the 
reaction time curve. For example, reference to figure 6 shows that the 
amount of monomeride steadily decreases up to a period of 93 days, at 
which point approximately 0.73 per cent remains. From this point up to 
a period of 235 days the curve is almost linear, and represents an extremely 
slow rate. From 235 days onwards, however, the change is again much 
more rapid. Between the two periods mentioned the liquid phase con¬ 
tained liquid crystals, and hence, the reason for the slow rate of change 
over this period may be due to hindrance to diffusion of the molecules in 
the solution, owing to the resistance occasioned by the presence of these 
liquid crystals. 
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SUMMARY 

1. The vapor pressure of a cyclopentadiene has been measured at various 
temperatures during the change from 100 per cent monomeride to 100 per 
cent dimeride. 

2. The vapor pressures of known mixtures of monomeride and dimeride 
have been determined at various temperatures. 

3. The formation of liquid crystals has been observed and the conditions 
noted. 

The authors with to express their thanks to Professor A. J. Allmand for 
the interest that he has taken in this work. 
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In connection with other kinetic investigations, we have found it 
convenient to prepare aqueous solutions containing hypobromous acid by 
adding bromine to a phosphate buffer solution containing silver ion; 1 as 
hydrogen ion and bromide ion are rapidly removed, the hydrolysis equi¬ 
librium of bromine is shifted, 

Br, + H.O r- HBrO + H+ 4- Br~ (1) 

and the concentration of hypobromous acid is increased. Although the 
rate laws given by Skrabal and Weberitsch (1) for the reaction 2 

5HBrO = BrO a - + II + + 2Br 2 + 2H 2 0 (2) 

indicate that 3 (IIBrO) in our solutions should decrease to half its value in, 
say, 10 2 seconds, we found that approximately twenty-four hours elapsed 
before so much decomposition occurred. Duplication of part of the work 
of Skrabal and Weberitsch has convinced us that their results are entirely 
reliable, and that the source of this surprising conflict must consequently 

1 After several unsuccessful attempts to prepare aqueous solutions containing ■ 
only hypobromous acid by the distillation methods recommended in the older litera¬ 
ture led us to conclude that this could not be accomplished, we discovered that Poliak 
and Doktor (Z. anorg. allgem. Chem. 196, 89 (1931)) had already reached this con¬ 
clusion as a result of similar experiments. 

2 The stoichiometric equation for the formation of bromatc ion will assume differ¬ 
ent forms under different experimental conditions BrO"", Br 3 ~, or Br 2 may appear 
as reactant instead of HBrO, and what substances, in addition to BrOi“, appear as 
resultants is also subject to change. Decomposition of bromine compounds to yield 
oxygen is negligible under ail experimental conditions with which we have here to 
deal. 

3 As in other communications, the following conventions vtill be observed: ( ) 

means “concentration of” in moles per liter; the units foi all specific rates are moles, 
liters, minutes; when no temperature is specified, 25°C. (or nearly 25°C.) is meant; 
—» will be restricted to steps which may be rate-determining. Rate laws will usually 
be referred to by letter only; the proper letter used as subscript will indicate to which 
law a specific rate constant belongs. 
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be sought in their interpretation of these data. We have concluded that 
much of the conflict has resulted from several errors, which we shall point 
out, and that our preliminary rate measurements, some twenty in number, 
indicate how the mechanism of reaction 2 may be directly investigated. 
We have no intention at present of undertaking a further investigation 
ourselves. 

In table 1 are summarized the rate laws that should govern the stability 
of hypobromous acid in all solutions not strongly alkaline. We shall now 
consider evidence to show that 0 (or C') is more plausible than B (or B'), 
that A is not experimentally established, and that the kinetic data upon 
which table 1 is based can be interpreted in terms of the rate-determining 
step 

2HBrO + BrO“ - Br0 3 " + 2H + + 2Br~ (3) 

given by Kretzschmar (2). (The intimate mechanism of this rate-deter¬ 
mining step will be discussed later ) 

To secure data that may aid in deciding the relative plausibility of B' 
and O' (or, of B and C) we have measured the stability of hypobromous 
acid in phosphate buffer solutions at the low (Br~) insured by the presence 
of Ag + . These experiments, given in table 2, together with all others in 
which the rate of disappearance of hypobromous acid was measured, were 
carried out as follows. The reaction mixture, contained in a glass-stop¬ 
pered flask and shielded from direct sunlight, was placed in a thermostat 
at 25°C. At convenient intervals samples were withdrawn, run into an 
iodide solution containing H 2 P0 4 ~, and titrated with 0.004 N thiosulfate. 
Calculations and blank tests concurred in showing that the bromatepresent 
was not reduced rapidly enough under the conditions employed to cause any 
error in the titration. 

The experimental results in table 2 agree in order of magnitude with the 
rates calculated from C'—but not at all with those from B'. Further, 
the actual rate at which hypobromous acid disappears under the above 
conditions is (virtually) independent of (Br~), in agreement with O' but 
not with B\ Our experimental evidence, joined to that of Skrabal and 
Weberitsch (X, Versuche 11 to 14 inclusive), has convinced us that of the 
two rate laws C' is far the more plausible. We must admit, however, that 
the proof is not complete; for, as will appear later, extension of the results 
in table 2 has not permitted the deduction of a definite rate law. 

Skrabal and Weberitsch were led to adopt B because this differential 
equation, when properly combined with that for the reduction of bromate 
by bromide ion in acid solution, gave the equilibrium constant for reaction 
2 (X, pp. 249-52); we are not certain that this agreement between a 
quotient of specific rates and an equilibrium constant warranted changing 



TABLE 1 


Summary of rate laws for reaction 2 

These laws are intended to govern — dS(Bra)/di except in strongly alkaline 
solutions; 2(Brg) ** (Bra) -j - (Br 8 “) -I - (HBrO) 


BATE 

LAW 

SPECIFIC RATS 

AT 26°C. 

CONCENTRATION TERMS 

REFERENCE 

COMMENT 

A 

6.5(10 4 ) 

(OH“)(Br,“)‘ 

(Br")> 

X,* p. 244 et seq. 

Adopted for their 
“rapid reaction 1 * 
by S. and W. 

B 

8 3(10**)t 

i 

(OH“)‘ (Br»“)» 
(Br“)’ 

X, p 246 et seq. 

Adopted for their 
“slow reaction" 
by S. and W. 

B' 

2 7(10*)tt 

(HBrO) 3 (OH') 
(Br“) 


Alternative formj 
of B 

C 

. 

2.4(10 23 )t 

* 

(OH') 4 (Br,-) 3 
(Br') 3 

As for B 

i 

Given directly by 
the experimental 
evidence. Not 
adopted by S. 
and W. because 
they considered 
B more plausible. 

C' 

7 9(10 9 )tt 

(HBrO) 3 (OH") 


Alternative formt 
of C 

C' 

Definite value 
cannot be 
given 

(HBrO) 2 (BrO') 

Kretzschmar (2) 

Alternative form§ 
of C 


* See reference 1. 

t We have calculated these specific rates from Versuch 14 (X, p. 248), employing 
for this purpose the correct concentrations: namely, (Br 3 ~) = 0.059 and (Br~) — 
0.34. In their calculations, Skrabal and Weberitsch assumed (mistakenly) (Br 8 ~) — 
S(Br 2 ) = 0.07, and obtained ku = 3.8(10 22 ); the difference between this and 8.3(10 M ), 
which corresponds to the correct concentrations, serves to emphasize how sensitive 
are specific rates involving high orders to relatively small concentration changes. 

Versuche 11,12, and 13, for which Skrabal and Weberitsch did not evaluate A?b, give 
for A;c(10“ 23 ), respectively, 1.9, 3.9, and 2.3; these, together with the value 2.4(10 as ), 
given above, show what concordance may be reasonably expected from such meas¬ 
urements. 

t B and B' are alternative forms of one rate law, C and C' of another, for the equi¬ 
librium 


HBrO + 2Br~ ^ Br.,~ + OH' (4) 

is always maintained; the value of its equilibrium constant, the cube of which is in¬ 
volved in each transformation, is (X, p. 245; see reference 1) 

(Br* ^ (° H ^ _ 3.2(10“*) at 26°C. 

(HBrO) (Br“)« v ' 

§ The identity of C' and C* is made obvious by writing 
(BrO“) - l/X hy d.(HBrO) (OH') 

the uncertainty in the value of X by d. precludes giving an exact value for Xc". 
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the experimentally derived halide term 4 in C to that in B. We wish to 
emphasize that the specific rate of reaction 3 need stand in no simple rela¬ 
tion to the equilibrium constant of reaction 2. 

The experimental evidence in X (see reference 1) upon which A is based 
involves Versuche 5, 6, and 7 (Versuche 8,9, and 10 deal with the influence 
of electrolytes); of these, Versuch 6 is used in the calculation of the specific 
rate. In this calculation (X, p. 244) there is implicit the assumption that 
the rate due to C' (or to B') is negligible. At t = 15, — dS(Br 2 )d£ in 
Versuch (5 was 1.4(10~ 4 ) moles per minute per liter; from C' we calculate a 
corresponding rate, in these units, of 114(10“ 4 ); and from B', of 39(10“ 4 ); 


TABLE 2 

Rale of disappiaumce of hypobromom and in potassium phosphate buffer solutions 

at (HBrO) = 5(10 -4 ) 


expfuimkn r 

(Oil )10»* 

(Hi )IU*f 

RAI FS IS MOI 



B' 

c 

Measured 

8 

0 67 

1 

2 2 X 10“ 

0 66 

2 2 

19 

1 15 

1 2 

3 3 X 10“ 

1 1 

19 

15 

4 8 

2 6 

6 2 X 10 s 

4 7 

46 

17 

19 6 

5 2 

12 7 X 10 8 

19 

71 

6 

47 

4 3 

37 X 10* 

46 

21 

7 

47 

! 13 X 10' 

12 X 10 2 

46 

13 

5 

52 

7 X 10* 

2 5 X 10* 

51 

17 


* (OH ) was calculated from the data given by Cohn (J. Am. Chem. Soc. 49, 173 
(1927)); we need not distinguish between (OH - ) and its activity. In experiments 
5, 6, 7, and 8, total phosphate was 0 05 M , in the others, 0.2 M. 

f Values of (Br“) are approximate; except in experiments 5 and 7, silver bromide 
and (usually) silver phosphate were present as solids; in these cases, (Br~) was 
calculated from (Ag^) (Br - ) — 5 3(10 n ) and (when necessary) from (Ag + ) 3 (PC >4 ) 

- 1 . 6 ( 10 -18 ) 

these calculations may be verified by use of the data in table 3. The mag¬ 
nitudes of these rates leave no doubt that C', which we have adopted as 
more plausible than B', must be considered in the interpretation of these 
data; indeed, they suggest that all the observed rate in Versuch 6 may be 
due to reaction 3, for which C' is one form of the rate law. 

And this suggestion becomes more plausible when we observe the con¬ 
stancy of Jfc 3 in Versuch 6, a constancy also found in Versuche 5 and 7. 
(We do not believe that hi is, in any of these experiments, sufficiently con¬ 
stant to permit the valid derivation of a rate law.) Even if we adopt fc 3 , 
and thus the (Br 3 )* term, we have yet to show that the rate obeys not the 
(OH“) and l/(Br~) 3 terms in A, but the (OH~) 4 and l/(Br~) 6 terms in C. 
We observe next that the 'orders given in A for these concentrations were 

4 We have duplicated Versuche 11 and 14 (X, p. 247) and found l/tBr - )*- 1 for the 
halide term; Skrabal and Weberitsch obtained l/(Br~)‘ 8 . 
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not correctly calculated, and for this reason: They were obtained from the 
effects on fe of changing (OH - )—Versuche 5 and 6— and Br~—Versuche 
5 and 7. But k 2 involves 

S(Br 2 ) = (HBrO) + (Br 2 ) + (Br, - ) 

Manifestly, altering either (OH - ) or (Br~) will alter the distribution of 
S(Br 2 ) among these three terms (cf. reaction 4); if at least two of these 
are of appreciable magnitude, this change in distribution will be reflected 
in the rate; in comparing values of k 2 from two experiments designed to 
determine the order with respect to some reagent, this change must be 


TABLE 3 

Recalculation of Versuch 6 * 
(OH - ) = 2 1(10~ 6 ) M ; (Br~) - 1 0 If 


t 

(Brj)lO’ 

(Bi-4 )10’ 

(IIBrO)lO' 


kz t 

_ 

_ _ _ 

_ _ 

_ 

S ind W 

( orrcctod 

h and W 

Corrected 

0 

15 

0 50 

0 39 

8 15 

6 32 

5 30 

4 11 

1 36 

3 93 

112 

549 

30 

0 33 

5 35 

3 47 

1 10 

3 18 

112 

549 

75 

0 24 » 

3 90 

2 49 

0 90 

2 00 

116 

568 


* X, p 241 cf also X, p 244 

t The units for all specific rates are moles, minutes, liters (To express the specific 
rates in X in these units, the k 2 given there must be multiplied by 2(10 3 ), and the 
k z by 4(10“)) 

The “S and W.” rate constants arc defined by 

_ dSCBr*) = fe v (Brj)a = *,v (Bn)J 

The “corrected” rate constants are defined by 

- as(Bn) = L (Brr)i = fc>(Bri - )a 

at constant (OH - ) and (Br~) 

considered, or an erroneous result will be obtained. We have allowed for 
this change in calculating the orders given in table 4, in which a compari¬ 
son of the seventh and eighth columns will reveal the importance of con¬ 
sidering the distribution of 2(Er 2 ). (See also the last four columns in 
table 3.) 

The terms (OH - ) 3 7 and l/(Br~) 5 * 9 are in satisfactory agreement with 
those to be expected from C. Taken by themselves, the results in table 4 
are as good evidence for C as can be adduced from any other experimental 
work in X; for the kc values in table 4 agree as well among themselves as 
do those from the phosphate buffer solutions (cf. table 1, footnote!). 
The average of the latter, 2.4 (10 28 ), is some seventyfold greater than 3.5 



1042 


HERMAN A. LIEBHAFSKY AND BENJAMIN MAKOWER 


(10 21 ), the mean of the values in table 4; we hesitate to ascribe all this 
difference to equilibrium salt effects, although these will be unusually 
large in the reaction system with which we are dealing. (If the rate¬ 
determining step, reaction 3, is correct, the l/(Br~) 6 term, to give one 
example, will be due entirely to equilibria preceding this step; such a state 
of affairs makes for large salt effects.) Nevertheless, we have concluded 
that there is evidence in X for only one rate law, C, for which the rate- 


TABLE 4 


Carbonate-bicarbonate buffer solution experiments used to establish rate law A* 


VBR- 

SUCli 


(Br*)10» 

(Br* )103 

(IIBr())10» 

(OH )10» 


Ar C (10-*0 

* C M0-> 


S and 
W 

Cor¬ 

rected 

5 

1 0 

0 58 

9 41 

3 01 

l 04 

16 

42 3 

3 8 

1 24 

6 

1 0 

0 33 

5 35 

3 47 

2 08 

113 

552 

3 0 

0 97 

7 

0 51 

0 31 

2 53 

3 16 

1 04 

188 

2520 

3 8 

1 24 


Variation of A* with (OIi“): From Nos. 
oc (Oil)’- 7 

Variation of with (Br ) • From Nos < 

1 


> and 6 

552 | 

’’ 42 3 | 

r 2 . 08 n* 
L1.04J : 

j: = 3.7. 

Rate 

and 7: 

2520 1 

42.3 1 

[0T1]*’ 

y = 5.9. 

Rate 


(Br~) 6 9 
* X, p. 241 

t Cf. footnotef, table 3. In our definition of 2(Br 2 ), (BrO“) has been omitted. 
In justification of this procedure we mention that it is simplest, and that (BrO”) 
cannot be calculated until the dissociation constant of HBrO is known. We observe 
that considering (BrO”) tends to increase both kc and the orders obtained for (OH”) 


and l/(Br~): thus, assuming K — 


“ 10 ' 9 ’ giveS 3 and */(Br-) M , 


while assuming K » 10 -10 scarcely changes the results in table 4. Since the assump¬ 
tion of the larger value leads to no simple kinetic conclusions, we have preferred 
omitting (BrO“) from consideration, a procedure tantamount to assuming for K a 
value of 10~ 10 , or less. If our kinetic interpretation of the data in table 4 is correct, 
further experiments of the same sort over a range of OH ” concentrations may provide 
a way of obtaining the dissociation constant of IlBrO from kinetic data. 


determining step is reaction 3; the numerical value of the corresponding 
specific rate is uncertain. 

Kretzschmar (2) in 1904 completed the first extensive kinetic investiga¬ 
tion of reaction 2. He presents kinetic evidence (reference 2, pp. 794-8) 
for reaction 3 as a rate-determining step; this interpretation he considers 
plausible because reaction 3 is analogous to the rate-determining step 
found by Foerster and Jorre (3) for the formation of chlorate ion through 
the decomposition of hypochlorous acid. Kretzschmar made rate measure¬ 
ments on solutions of hypobromous acid, prepared by distillation, to which 
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had been added a known amount of potassium hydroxide; he assumed that 
one mole of added base yielded one mole of hypobromite ion. His meas¬ 
urements give for C a specific rate of approximately 3(10 18 ), 6 which is to be 
compared with the values 2.4(10 23 ) (phosphate buffer) and S^IO 21 ) 
(carbonate-bicarbonate buffer) obtained from the measurements of 
Skrabal and Weberitsch. In explaining why Kretzschmar obtained such 
low values for kc , two things, in addition to salt effects, must be considered: 
first, our experience indicates that his hypobromous acid solutions probably 
contained (H + ) at an appreciable, though unknown, concentration; and 
second, when base is added to an hypobromous acid solution the amount of 
BrO~ formed depends upon the dissociation constant of this acid, which is 
not definitely known. 

Our review of the rate laws in table 1 is now complete and leads to this 
conclusion: Over a wide range of experimental conditions, the law that 
governs the rate of reaction 2 is formally identical with C", as found by 
Kretzschmar (2), and assumes more complex forms (e.g., C) as the compo¬ 
sition of the reaction mixture changes. We observe that one form (C") of 
this law is analogous to that found by Foerster and Jorre (3) for hypo- 
chlorous acid solutions, while another (C) corresponds to one found by 
Skrabal (4) for the formation of iodate ion. It appears, therefore, that the 
law 

-d2(X 2 )/d* - fc(HXO) 2 (XO“) (5) 

is of general importance in the formation of the halate ion, X0 3 ~, through 
the decomposition of these lower-valent halogen compounds. This law 
obviously suggests 

2 HXO + XO" — XOr + 2X- + 2H+ (6) 

as a rate-determining step; w hen we come to consider, however, what the 
intimate mechanism of reaction 6 might be, we are faced with several 
possibilities, of which none can be definitely eliminated. That reaction 6 
is trimolecular—i.e., that it involves only triple collisions—seems very 
improbable; and this justifies the assumption that an equilibrium is in¬ 
volved. The compound X 3 0 2 - , which has been postulated by Skrabal (4) 
and favored by Bray (5), may be assumed; but the mechanism 

Equilibrium: 2HXO 4- XO- ^ X*0 2 - + II 2 0 (or H 2 X*O a -) (6a) 

Rate-determining: X*0 2 - 4" H 2 0 —♦ XO*- 4" 2X“ 4* 2H + (6b) 


* Kretzschmar’s data give kc" * 100 at 25°C. (cf. reference 2, p. 798); to convert 
them to our units, his specific rates must be multiplied by 400. If 10~ 10 is assumed to 
be the dissociation constant of hypobromous acid (this corresponds to a hydrolysis 
constant for BrO~ of 10~ 4 ), then he « 100/10- 4 , or 10*; and kc - 10 s /[3.2(10“**)1 B , or 
3(10”). 
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does not exhaust the possibilities. No matter what mechanism is chosen, 
however, the simplest procedure, and therefore most logical so long as no 
conflict with experiment is involved, will be to consider it valid for all the 
halogens. 

Kretzschmar (reference 2, pp. 790-3) also measured the rate of decompo¬ 
sition of hypobromite solutions, which proved to be surprisingly stable. 
He attempted no kinetic evaluation of these results, but he considered the 
mechanism 


3BrO -> BrOr + 2Br“ (7) 

not improbable. In most of his experiments the concentration changes are 
not appreciable enough to permit the certain deduction of a mechanism; for 
Uebersicht 3, however, we have found that the rate law is 6 

_ d(BrO_) = 0 056 ( Br0 -) 2 at 8 0°C. (8) 

corresponding to the rate-determining step 

2BrO > Br0 2 “ 4- Br - (9) 

Assuming that this rate law is valid also in the experiments at lower tem¬ 
peratures, we have calculated that the rate of reaction 9 at any tempera¬ 
ture is given by 


d(BrO-) 

dt 


_ 25 (10*) 

10“ t HT (BrO - ) 2 


( 10 ) 


Within the experimental error, which is rather large, 7 the Arrhenius con¬ 
stant of reaction 9 is identical with the collision number. (10 n moles per 
liter per minute is the collision number for a bimolecular gas reaction at 
unit concentration of the reactants.) The stability of these hypobromite 
solutions might be utilized in the preparation of hypobromous acid. 

Equation 8 is formally identical with the rate law found by Foerster and 
I)olch (6) to govern the stability of hypochlorite solutions, and this circum¬ 
stance is additional evidence for our interpretation of Ivretzschmar’s 

* The specific rate was calculated for (OH~)= 1.89; in such basic solutions, (HBrO) 
is probably negligible, for the rate is (virtually) independent of (OH - ). Since the 
change in (Br - ) that took place during the experiment was not reflected in the rate, 
we conclude that (Br“) does not belong in the rate law. 

7 We estimate the error in the heats of activation in equations 10 and 12 to be 
dr2000 calories* there is, of course, a corresponding uncertainty in the values of the 
Arrhenius constants. 
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results. From the data given by Foerster and Dolch for 25, 50, and 90°C., 
we have calculated that the rate of 1 he reaction 8 

2C10- -> C10 2 ~ + Cl- (11) 

at any temperature is given by 

2 5(1(H) 

-d(C10-)AU - 1012 e~ RT (CIO-)* (12) 

Although the experimental error is rather large, there is no doubt that the 
analogous reactions 9 and 11 have almost identical Arrhenius constants 
and heats of activation. 

We shall close with a brief discussion of our rate measurements. Al¬ 
though the rate was followed until nearly all the HBrO had disappeared 
in some twenty reaction mixtures like those of table 2, no definite order 
could be established either for (HBrO) or for (OH ); the one most nearly 
obeyed with respect to (HBrO) is the second; with respect to (OH~), the 
order is not higher than the first. Under some conditions the second order 
constant with respect to (HBrO) decreased as the run progressed, often it 
increased, and sometimes it remained unchanged. In all probability we 
are dealing here with a mixture of reactions, and a change of temperature 
or of (OH~) might do much to simplify matters. At any rate, the fact 
that the rates we measured are independent of (Br ) leaves little doubt 
that the rate at which HBrO decomposes into bromate is being measured 
directly, i.e., that no equilibria are maintained in front of the rate-deter¬ 
mining steps. In addition to reaction 3, a second step of the type 

HBrO + HBr() 2 -> BrOr + 2H + + Br" (13) 


may be involved. 


SUMMARY 

1. In agreement with the results of Poliak and Doktor (7), it has been 
found impossible to prepare, by distillation, aqueous solutions containing 
only hypobromous acid. 

2. At low (Br~), solutions of HBrO are far more stable than one law 
given by Skrabal and Weberitsch (1) for the rate of the reaction 

5HBrO = BrOr + 2Br 2 + H *■ + 2H>0 (2) 


8 At low (OH") the rates measured by Foerster and Dolch were independent of 
(OH") and, within limits, of (Cl"), which nearly doubled in magnitude as some of 
their experiments progressed (cf. Uebersicht 1, reference 6, p. 140). We see no reason 
for doubting the plausibility of the above mechanism (in this connection cf. reference 
6, p. 144). 
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allows; a reexamination of their kinetic evidence has led to the conclusion 
that, except in strongly alkaline solution, the rate of reaction 2 should be 
governed by 

-d2(Br 2 )/ck - A;c*(HBrO) 2 (BrCT) 

(At 25°C., widely different values, ranging from approximately 10 2 to 
nearly 10 6 , have been obtained for under different experimental condi¬ 
tions.) In this, its simplest form, the rate law is identical with that found 
by Kretzschmar (2); further, it appears not irreconcilable with the sta¬ 
bility we have observed in our hypobromous acid solutions. 

3. Since this rate law is analogous to those found for the formation of 
C10 3 ~ and I0 3 under certain experimental conditions, it has been con¬ 
cluded that the rate-determining step 

2HXO + XO- — XO,“ + 2X- + 2H+ (6) 

is of general importance in the formation of halate ions through the decom¬ 
position of the halogens (or substances in equilibrium with them). 

4. The intimate mechanism of the rate-determining step, reaction 6, 
cannot be definitely settled; an intermediate compound, like X 3 0 2 ~, in 
equilibrium with HXO and XO (and, consequently, with X 3 , X 2 , and 
X~) may be involved, for reaction 6 is probably not the result of triple 
collisions alone. 

5. From the measurements of Kretzschmar (2) in strongly alkaline solu¬ 
tion, we have deduced the rate law 

-d(BrO-)/ck = 0.056(BrO-) 2 at 80°C. (8) 

corresponding to the rate-determining step 

2BrO- — Br0 2 ~ + Br“ (9) 

which is analogous to that found by Foerster and Dolch (6) in G10“ solu¬ 
tions. Reaction 9 and its G10~ analogue have nearly identical heats of 
activation and Arrhenius constants. 

6. Our rate measurements, as well as those of Poliak and Doktor (7), 
on reaction 2, indicate a need for further work, which we have no intention 
at present of undertaking. 
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INTRODUCTION 

In previous studies of the relative adsorption of a series of similar ions on 
polar crystal surfaces, attention has been given to the variable surface of 
the crystals and to the effects of the addition of foreign ions. In the early 
work the precipitates were formed in the presence of the material to be 
adsorbed, thereby introducing such errors as (1) variable surfaces of the 
precipitates, (2) occlusion of the adsorbed material, and (3) effects due to 
the presence of*the ions formed as by-products in the precipitation reaction. 

Fajans (1) in his recent work used carefully dried powders and added 
radioactive ions as nitrates and the other anions and cations as nitrate 
and potassium salts. The value of such studies in the field of adsorption is 
in the possibility of formulating a theory based on quantitative data from 
observations made on the simplest possible system. Even with the simple 
systems used by Fajans and others, complications arise. For instance, in 
the study of the adsorption of thorium B, the simplest possible system may 
consist of silver iodide crystals in contact with a solution containing as 
many ions as ThB ++ , Ag + , 1~, H + , OH~, NO3, Br~, K + , and ions from 
the glass vessels. Then there is the possibility of the adsorption of the 
thorium B on the walls of the glass vessels and the complications introduced 
by the formation of other substances by the interaction of the ions listed. 

Silver bromide crystals in contact with a solution of potassium bromide 
acquire a negative charge due to the adsorption of bromide ions. This 
charge can be shown by a simple cataphoresis experiment or by measuring 
the amount of the positively charged ThB ++ ions which can be adsorbed 
from the solution. Increasing the concentration of the potassium bromide 
in the solution increases the charge on the crystals and increases the amount 
of the thorium B adsorbed. Qualitatively, we can say that the additional 
bromide ions on the surface of the silver bromide crystals mean an increased 
adsorption of thorium B, but in measurements of the per cent adsorption 
versus concentration of potassium bromide in solution, we are dealing not 
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only with changing concentrations of ThB ++ ions and Br~ ions but also 
with changing concentrations of potassium ions. It is true that, according 
to the adsorption rule that an ion will be adsorbed if it forms an insoluble 
compound with the oppositely charged ions of the crystal, very little ad¬ 
sorption of potassium ions would be expected. However, it has been shown 
(2) that a large concentration of an ion forming a soluble compound with 
the oppositely charged ion of the crystal will repress from the surface of a 
crystal adsorbed ions which form very much less soluble compounds. In 
other words, all ions possess some tendency to be adsorbed or attracted to 
the surface of a polar crystal. It is only, then, by studying behaviors of 
different ions alone and in the presence of each other that an accurate 
adsorption rule can be formulated. 

In this work we are interested in the amount of adsorption of thorium B 
by silver bromide crystals in the presence of varying concentrations of 
bromide ions and in the part played by the cation of the bromide salt used. 
Fajans and Krdey-Gruz (3) observed that whereas potassium bromide 
decreased the amount of erythrosin adsorbed on silver iodide, potassium 
chloride increased it. King and Pine observed that whereas potassium 
bromide increased the amount of thorium B adsorbed on thallium iodide, 
potassium chloride decreased it. The explanation can be given in both 
cases that this is due to the potassium ions. If potassium ions are changing 
the charge on the adsorbent, or replacing the adsorbed material from the 
surface of the adsorbent or being adsorbed along with the material whose 
concentration is being measured, then there should be certain properties 
of the potassium ion which determine the part it plays and whose effect 
can be measured. In this event, if the bromide ion concentration is kept 
constant and the potassium ion concent ration is varied, or if the potassium 
ion is replaced by another cation, some information about these properties 
should be obtained. In this paper will be reported the data which was 
gathered from the measurements made on the adsorption of thorium B on 
silver bromide from solutions of varying concentrations of the different 
alkali and the alkaline earth ions. 

PREPARATION OF MATERIALS 

The water used was made in the same way as that used in the work by 
King and Pine (1). 

Silver bromide 

The silver bromide powder used for all the work was prepared according 
to the method of J. Walker (4). i] ‘Tested Purity” silver bromide was 
dissolved in c.p. ammonium hydroxide (specific gravity 0.9) and then 
reprecipitated by diluting the ammonia solution with water. Ten liters 
of the ammonium hydroxide were placed in a 12-liter balloon flask and 
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saturated with the silver bromide by stirring and warming. The solution 
was then allowed to stand at room temperature, and 100 cc. of the clear 
solution was run into 400 cc. of water with constant mechanical stirring. 
The precipitate was allowed to settle and collected by decanting the super¬ 
natant liquid. A large amount of precipitate was collected and placed in 
the washing tower as described in the work of King and Pine. This was 
washed with stirring continuously, the water being made by distillation in 
the Bamstead still and run through Pyrex tubing through the wall of the 
dark room. It was dried in an electric oven at 115°C. and then stored over 
phosphorus pentoxide in a desiccator. All work with the silver bromide 
was done in the dark room, using Eastman safelights for illumination. 

Bromide salts 

The solutions of c.p. or t.p. salts were standardized gravimetrically by 
precipitating silver bromide or volumetrically against standard silver 
nitrate, using potassium chromate as an indicator. 

The rubidium bromide was Eimer and Amend's “Tested Purity” grade 
and the cesium bromide was specially prepared here in the laboratory by 
Professor Mears. 

The radioactive solutions were prepared as described in the work of King 
and Pine and the method of measurement was the same as that used in the 
work of King and Romer (5). 

METHOD OF PROCEDURE 

The glassware had the same attention as that used in the work by King 
and Pine. The pure silver bromide powder was weighed into brown bot¬ 
tles in the dark room. Samples weighing 0.5000 zb 0.0002 g. were used. 
The correct amounts of acid (see section 6), bromide salts, and nitric acid 
solution of thorium B were added and the mixture was shaken for 45 min¬ 
utes. After the settling of the precipitate or after centrifuging, a 5-cc. 
sample of the supernatant solution was taken for evaporation and activity 
measurement. Along with each series of measurements was carried a 
blank or control experiment which was made use of in calculating the per 
cent of adsorption. 


EXPERIMENTAL RESULTS 

1. Time of shaking 

To find how long a shaking period was necessary to establish adsorption 
equilibrium, an experiment in which the time of shaking varied was carried 
out. The results are given in table 1. 

From the figures in table 1 it is evident that a shaking period of 30 
minutes is ample to establish equilibrium. In the following work, solu¬ 
tions were shaken for 45 minutes. 
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2. Change in surface of adsorbent 

In table 2 are given the results of a series of measurements in which the 
amount of bromide ion and thorium B is the same but the weight of the 
silver bromide powder is changed. It is evident from table 2 that ordinary 
errors in weighing would not appreciably affect the percentage of thorium 
B adsorbed. Thus if the adsorbent were weighed only to the nearest milli- 

TABLE 1 

Time of shaking mcessary to istablisk adsorption equilibrium 
0 5 g of silver bromide; 5 cc. of 0 04 N potassium bromide; 10 ec. of water; 10 cc*. of 
nitric acid solution of thorium B 


11ME Oh B11AK1NO 

COHRBtrKI) UriVIIY 

ADBORPJION 

imnuiiB 

Biale dilutiona pir tin mitt 

per cent 

Control 

39 0 


Control 

39 5 


30 

13 8 

64 9 

30 

14 0 

64 3 

60 

13 G 

65 3 

60 

13 9 

64 5 

90 

14 2 

63 9 

90 

13 7 

65 1 


TABLE 2 

\V EKtHT OF 811 VKR I1ROMIDP 

ACTIVITY 

adsorption 

grama 

hi ah dm oriH pir minuti 

pir cent 

Control 

76 2 


Control 

77 7 


0 450 

j 29 8 

61 4 

0 450 

29 7 

61 5 

0 500 

27 7 

64 0 

0 500 

27 1 

63 5 

0 550 

24 9 

67 6 

0 550 

24 3 

68 4 


gram, the error in the per cent of thorium B adsorbed would not exceed 
0.07. 


3. Effect of light on the adsorption 

Five-tenths of a gram samples of silver bromide were used. Samples 3 
and 4 in table 3 were handled in the dark room. Samples 5 and 6 were 
exposed to indirect sunlight for 10 minutes. All other conditions were the 
same as in previous experiments. We note that an exposure to white light 
effects our results but slightly. To eliminate errors from this source, how¬ 
ever, all operations in the following work, except the final evaporation 
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of the radioactive samples, were carried out m the dark room, using East¬ 
man safelights for illumination. 


TABLE 3 


Effect of light on the adsorption 



ACTIVITY 

A D80MPTI ON 

AVKRAQB 

Control 

scale divisions 
per minute 

99 7 

per tent 


Control 

100 0 



Dark 

44 7 

55 2 

| 54 7 

Dark 

45 7 

54 2 

Light 

Light 

43 1 

42 9 

56 8 

57 0 

| 56 9 


TABLE 4 

The “holding back” cffiet of lithium bromuh 


Concentration of nitric acid = 4 millimoles per liter 


SILVER 

BROMIDE 

CONCENTRATION 

J OF LITHIUM 

BROMIDE 

CORRECTED 

ACTIVITY 

APPARENI 

I EH CLNt 
ADSORI1 ION 

IKK CENT Ol 
AtTIVIU HE1D 
BACK BY 
LI1HIUM 

BROMIDE 

CORRECTED 

PER CENT 
ADSORPTION 

gram 

millimoles per 

scale dioisi ma 





liter 

per winlitt, 




0 

0 

96 5 




0 

0 

96 5 




0 

0 

95 5 




0 5 

0 

91 3 

5 1 


5 1 

0 

8 

94 8 


1 5 


0 5 

8 

29 8 

69 0 


67 5 

0 

20 

94 3 


2 0 


0 5 

20 

20 8 

78 4 


76 4 

0 

28 

92 0 


4 4 


0 5 

28 

18 2 

81 1 


76 7 

0 

40 

89 1 


7 4 


0 5 

40 

15 3 

84 1 


76 7 

0 

48 

87 5 


9 0 


0 5 

48 

13 5 

86 0 


77 0 

0 

60 

84 2 


12 5 


0 5 

60 2 

12 2 

87 3 


74 8 


4 The “holding hack” effect of lithium bromide 

Lithium bromide is so hygroscopic that it took up water from the air 
before the measurements of the activity of the watch glasses containing 
the active material could be made In table 4 are given the results using 
an excess of hthium bromide. In a similar experiment with the other 
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alkali bromides, no “holding back” effect was observed at concentrations 
of 8 and 16 millimoles per liter. Accordingly, no corrections for this effect 
were necessary at these concent rations except in the case of lithium bromide. 1 

5, The effect of varying concentrations of thorium B on the adsorption 

A study was made of the change of adsorption with a change in the 
activity of solution. The results are tabulated in table 5. These results, 
which indicate that the per cent adsorption decreases in solutions of higher 
ThH 4 " 1 concentration, are in agreement with the general adsorption rule. 


TABLE 5 


The adsorption of thorium B on silver bromide with varying concentrations of thorium B 


0 5 g. of silver bromide; concentration of nitric acid = 6 millimoles per liter; concen¬ 
tration of potassium bromide — 20 millimoles per liter 


AC! IVE AOIUTION 

comm rtv At mnY 

ADSOKI*TION 

CC. 

Hcale diustuiw per minute 

per cent 

5 (Blank) 

31.6 


5 (Blank) 

31 3 


5 

11 5 

63 4 

5 

11 5 

63 4 

10 (Blank) 

64 4 


10 (Blank) 

64 0 


10 

26 6 

58 8 

10 

26 2 

59 4 

15 (Blank) 

96 8 


15 (Blank) 

96 2 


15 

43 5 

55 0 

15 

42 3 

56 2 


AVERAOE 


63 4 


59 1 


55 6 


6*. The effect of hydrogen-ion concentration 

A study was made of the effect of different hydrogen-ion concentrations 
in order to find out what concentration of hydrogen ion would give repro¬ 
ducible adsorptions of thorium B. The data is given in table 6. 

It is evident that reproducible results are not obtainable in solutions in 
which the acid concentration is much less than 4 millimoles per liter. 
For a discussion of the factors involved, see King and Pine (1). In the 

1 Professor Fajans, who is now investigating the cation effect in his laboratory 
in Munich, in a private communication (September, 1933) stresses the possibility 
of the introduction of an error in such work by what he calls the “crust effect.” 
He gives his method for the elimination of such an error In all our work atten¬ 
tion was given to the formation of the salt crust on the w atch glasses used for the 
activity measurements ap described in the paper of King and Pine (reference 1). 
Where this error was greater than the experimental error, we have corrected for it 
by means of a control in which the halide salt was used without the silver bromide 
powder and the same careful evaporation w as carried out. 



III. ADSORPTION OF THORIUM B 


1053 


following work, the acid concentration in the solutions investigated was 
held at 4 millimoles per liter. 


TABLE 6 

Effect of hydrogen-ion concentration on the adsorption of thorium B 


0.5 g. of silver bromide; concentration of potassium bromide ~ 4 millimoles per liter 


concentration of nitric acid 

CORRECTED AlTtNITl 

\DSORPTION 

millimoles per liter 

vnU dtvi'ti ms pir minute 

jnr cent 

1 

146 8 

Blank 

1 

146 8 

Blank 

1 

104 9 

28 5 

1 

126 0 

14 2 

2 

72 5 

50 6 

2 

6b 2 

54 9 

3 

78 0 

46 9 

3 

90 9 

55 9 

4 

66 6 

54 6 

4 

68 6 

53 3 

5 

70 3 

52 1 

5 

69 6 

52 6 

8 

77 6 

47 1 

8 

_jk— 

74 4 

49 3 


TABLE 7 

The adsorption of thorium B on siliu bumndt in the priscnct of ixusb sodium bromide 

and potassium bromidi 

0.5 g. of silver bromide; concentration of nitric acid — 4millimoles per liter 


CONCENTRATION 

CORRECTED ACTIVITY 

ADSORPTION 

mtlltmoles per liter 

scale divisions per minute 

per cent 


j 0 (Blank) 

71 5 



0 

70 3 

1 67 


8 

27 0 

62 2 


20 

17 4 

75 7 

NaBr 

28 

15 3 

78.6 


40 

14 2 

80 1 


48 

12 7 

82 2 


[60 

10 8 

84 9 


0 (Blank) 

74 9 


| 

0 

72 1 

3 7 


8 

39 0 

47 9 


20 

25 0 

66 6 

KBr \ 

28 

22 3 

70 1 


40 

18 5 

75 3 


48 

16 9 

77 3 


60 

16 8 

77 5 
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7. The adsorption of thorium B on silver bromide in the presence of varying 
concentrations of potassium bromide and sodium bromide 

The measurements were made over a large range in concentration of the 
two alkali bromides. The results are given in table 7. 

TABLE 8 

Adsorption of thorium B on silver bromide in the presence of excess of the alkali bromides 
0 5 g. of silver bromide; concentration of nitric acid = 4 millimoles per liter 


CONCENTRATION OK 
ALKAII BROMIDE 

m ill i mule h ptr liter 

f 8 


(ORREtlED ACTIVITY 

ADSORPTION 

acale dvnatona per minute 

per cent 

.56 6 

Blank 

56 2 

Blank 

15 2 

73 2 \ 

15 0 

73 4 j 

53 8 

Blank 

54 3 

Blank 

11 5 

78 6 \ 

12 1 

77 6 J 

16 3 

70 0 \ 

15 4 

71 7 J 

12 8 

76 0 1 

13 0 

76 1 / 

53 0 

Blank 

54 0 

Blank 

22 4 

58 9 \ 

20 1 

63 2 j 

17 7 

67 5 1 

18 1 

66 8 J 

24 6 

54 9 1 

25 8 

52 7 J 

20 8 

61 8 1 

21 1 

63 1 J 

33 4 

38 7 ) 

33 3 

38 8 J 

29 1 

46 6 1 

28 6 

47 6 J 


8, A study of the effect on the adsorption of all the different alkali bromides a 
concentrations of 8 and 16 mollimoles per liter 

The results are given in table 8 and plotted in the curves in figure 1. 
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8a. The effect on adsorption of lithium bromide and cesium bromide at concen¬ 
trations of 0.1 and 0.01 millimoles per liter 

The data in table 8 represent the results of a study of the adsorption of 
ThB ++ on silver bromide in the presence of all the different alkali bromides 



Fia. 1. Adsorption op Thorium B on Silver Bromide in the Presence op Excess 
op the Different Alkali Bromides 

at concentrations of 8 and 16 millimoles per liter. In table 8a, the results 
obtained with lithium bromide and cesium bromide at concentrations of 
0.1 and 0.01 millimole per liter are given. These results are plotted in the 
graph of figure 1. 
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TABLE 8a 

Adsorption of thorium B on silver bromide in the presence of excess of alkali bromide 


0.5 of silver bromide; concentration of nitric acid = 4 millimoles per liter 


CONCENTRA TION 

OF ALKALI DKOMIDE 

CORRECTED ACTIVITY 

adsorption 

AVERAGE 

millimoles per liUr 

scale divisions per minute 

per cent 



0 1 

88 8 

Blank 



0 1 

89 1 

Blank 



0 1 

82 4 

7 2 

[ in c 

CsBr * 

0 1 

75 9 

14 5 



0 01 

85 5 

3 7 

1 3 1 


[o 01 

86 6 

2 5 

/ 31 


r° i 

89 0 

Blank 



0 1 

88 3 

Blank 



0 1 

76 7 

13 6 

l & 

LiBr < 

0 1 

74 5 

16 1 

? H o 


[0 01 

85 1 

4 2 

1 35 


(0 01 

86 3 

2 8 




Fig. 2. Adsorption op Thorium B on Silver Bromide in the Presence of Excess 
of Alkaline Earth Bromides 
1066 
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9. A study of the effect of the alkaline earth bromides on the adsorption of 
thorium B by silver bromide 

Because of their hygroscopic properties in all cases a correction was 
made for the “holding back” effect. The results are given in table 9 and 
are plotted in the curves in figure 2. 

TABLE 9 


Efftct of tht alkahni tarth hromidis on the adsorption of thorium B on silver bromide 
0 5 R of silver bromide; concentration of nitric acid = 4 millimoles per liter 


fONCRNTHATION 

Of- HKOMIDE 

lOKKECTED Al TIVir\ 


ADBOKPTION 

milluquivalenU ptr liter 1 

s tale d i won s ptr nunuti 


per cent 


30 

(Blank) 

77 3 



CaBr, | 

10 


4S 5 


37 3 

20 


25 7 


53 8 


[30 


20 1 


66 2 


[so 

(Blank) 

82 0 



BaBr , < 

110 

1 20 


51 9 

37 4 


37 2 

54 7 


30 


30 0 


63 7 


[30 

(-Blank) 

83 1 



SrBr 2 < 

10 


54 0 


34 3 

120 


30 1 


50 0 


[30 


32 1 


61 4 


DISCUSSION 

In experiment 7 (table 7) the adsorption of thorium B on AglirBr parti¬ 
cles was measured over a range of concentrations of excess sodium bromide 
and potassium bromide of from 8 millimoles to GO millimoles per liter. 
The adsorption of thorium B is greater for sodium bromide than for potas¬ 
sium bromide throughout the whole range. 

In experiments 8 and 9 data were obtained for lithium bromide, sodium 
bromide, potassium bromide, rubidium bromide and cesium bromide. 
The order for the repression of the adsorption of thorium B is Cs+ > Rb + 
> K+ > Na+ > Li + at all concentrations measured. At the very low 
concentration of 0.01 millimole per liter, the differences observed may be 
attributed to experimental error. 

In experiment 9 (table 9, figure 2), the effects of the three alkaline earth 
bromides barium bromide, calcium bromide, and strontium bromide— 
were measured. There is a very small difference, if any, in the effect of the 
alkaline earth ions on the adsorption of thorium B by silver bromide. 

Since in all of the many series of measurements carried out, all factors 
were held constant with the exception of the cation to be found in the 
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system at equilibrium, there must be some connection between the order 
of adsorption and some properties of these cations. We may look on the 
phenomenon as silver bromide particles negatively charged by the addi¬ 
tion of bromide ions selectively adsorbing thorium B from solutions con¬ 
taining the same concentrations of the different alkali and alkaline earth 
cations. Because thorium B forms a much more insoluble compound with 
the oppositely charged ion of the silver bromide-bromide particles than 
do the alkali and alkaline earth ions, it will be much more readily adsorbed. 
However it has been shown that hydrogen ion, which forms no insoluble 
compound, may displace the very easily adsorbed ThB ++ ions from the 
surface of crystals. It can be expected that all cations behave in some 
such way. In other words, all ions possess some tendency to be fixed to a 
polar crystal surface. Therefore, we may use the above data to arrange 
the cations in the order of their adsorbabihty on the silver bromide-bromide 
particles. 


TABLE 10 


ALKALI ION 

PUR CENT 
ADSORPTION OF 
THORIUM B 

HEATS OF 
HYDRATION 

SOLUBILITIES 

AT 25°C 

IONIC SIZE 



calories per 

molea per 100 

A. U 



gram 

0 water 


Li + . 

73 3 

120 

2 09 

0 70 

Na + .. 

70 8 

92 

0 814 

1 00 

K + . 

61 0 

72 

0 569 

1 33 

Rb+.. 

53 8 

68 


1.52 

Ce + . . 

38 7 

62 

0 578 

1 70 


According to the adsorption theories mentioned in the previous papers, 
(1) that cation which forms the most insoluble compound will be most 
easily adsorbed, (2) that cation which is most easily deformable will be 
most easily adsorbed, and (3) that cation which is least hydrated will be 
most easily adsorbed. In the first column of table 10 are given the alkali 
ions in order of their adsorbability as measured by the per cent of thorium B 
ions adsorbed in 8 millimoles per liter of alkali bromide; in the second 
column are given the heats of hydration of these cations in calories per 
gram, which can be used as a measure of the hydration of the ions; in the 
third column are given the solubilities of the alkali bromides in moles per 
100 g of water at 25°C; in the fourth column are given the sizes of the 
cations in Angstrom units (6). 

Fajans (7) has measured the molecular refractivities of the alkali ions 
to show their deformability. The deformability is in accord with the size, 
the largest ion being the most easily deformed or polarized in forming a 
compound. 
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SUMMARY 

1. A study has been made of the adsorption of thorium B ions on silver 
bromide crystals in the presence of various concentrations of the alkali 
and alkaline earth bromides. 

2. It has been shown that when the bromide ion concentration has been 
kept constant and the cation has been changed there has been a change in 
the adsorption of the thorium B ions on the silver bromide crystals due to 
an adsorption of the cations along with the thorium B ions. 

3. There appears to be a relation between the adsorbability of the cations 
and their heats of hydration, their ionic size and the solubility of their 
bromide salts. 
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THE COLORS OF THE COPPER SALTS 
WILDER D. BANCROFT \nd HARRIS WHITE ROGERS 
Department oj Chemistry, Cornell University, Ithaca, New York 
Hiceived August 2t, 1933 
INTRODUCTION 

In 1892 Ostwald (1) pointed out that according to the electrolytic disso¬ 
ciation theory the absorption spectrum of a dilute salt solution must de¬ 
pend exclusively on the absorption spectrum of the solvent, the cation, and 
the anion. From this it follows that we shall have identical absorption 
spectra for dilute solutions of different salts with the same colored ion. 
In accordance with this, dilute solutions of copper sulfate, nitrate, chloride, 
and bromide should have the same blue color, and it is an experimental fact 
that they do. The undissociated salt may have a different color and Ost¬ 
wald called attention to the fact that anhydrous cupric chloride is yellow¬ 
ish-brown, cupric bromide blackish-violet and cupric sulfate gray. Since 
nobody was especially interested in those days in hydrated ions, the be¬ 
havior of the copper salts was taken to mean that the copper ion is blue. 
We see now that that is not necessarily true. All that the experiments 
really show is that the copper ion common to, and occurring in, those dilute 
solutions is blue. 

Nobody paid any attention at that time to the earlier observation by 
Vogel (2) that “copper sulphate is one of the few substances which shows 
the same absorption spectrum in the solid state and in solution. It ab¬ 
sorbs the red very strongly up to wave length 620; from there on the absorp¬ 
tion decreases rapidly and ends in the yellow-green. Green, bright blue, 
and dark blue are practically not absorbed, but there is some absorption 
in the violet.” 

Since 1908 Hantzsch (3) has taken the ground that there is no necessary 
relation between color and ionization. He states that colored substances 
are those which contain an element or group capable of forming a complex 
of the Werner type. If the complex is saturated completely, all the 
coordination places being filled, then the color is constant, regardless of the 
conditions surrounding the complex. Dissociation, salt formation, solu¬ 
tion, change of temperature or of solvent, will have no effect on the color. 
Conversely, if a given color persists through the changing of such conditions, 
we may regard the saturated complex as persisting through the changes. 
For those complex states which may not be entirely saturated but become 
so through a change in conditions, we shall expect an accompanying change 
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in color. If, by any dehydration or substitution, the complex is altered, 
this will also result in a change of color. Anhydrous salts, which are un¬ 
saturated but which become saturated by the addition of water or ammonia 
molecules or other groups, will change color until complete saturation is 
reached. After this point there will be no further change in color. If a 
saturated complex cannot be isolated as a solid or is stable only in presence 
of a large excess of the solvent, there may be intermediate complexes which 
will explain the color of certain solutions. 

From a study of the chloroplatinate salts of the alkalies, Hantzsch con¬ 
cluded that neither change of dissociation nor change of temperature had 
any effect on the color. Change of solvent had only a slight effect. An 
investigation of chromate solutions (4) showed that the acid and its potas¬ 
sium salt had identical absorption, which was independent of dilution and 
of temperature change. Addition of sulfuric acid up to 10 normal had 
only a slight effect, accounted for by the formation of some H 2 Cr 3 Oio. 
Solutions of chromic acid in water, alkalies, and methyl alcohol were 
optically identical in all dilutions examined, except in the water solutions 
where the slight variation was accoimted for by some dichromate ion. The 
dichromate and chromate solutions were of course unlike. Hantzsch 
states that the color group of the acid solution is the complex Cr 2 0 7 , and 
of the chromate solution Cr0 4 , irrespective of whether these groups are 
joined to hydrogen or to an alkali metal. The degree of electrolytic disso¬ 
ciation has no effect on the color because the color of the ion is the same as 
that of the undissociated complex. 

Hantzsch points out that, year& before, Sabatier (5) had found that 
‘ the absorption exercised by potassium dichromate dissolved or solid is 
practically the same as that produced by the chromic acid in the salt.” 

In a study of alkali permanganates Hantzsch and Clark (6) confirmed 
these assumptions. Change of temperature or of alkali metal had no effect 
and the effect of adding sulfuric acid was but small. There was no effect 
due to change of concentration and the slight effect produced by change of 
solvent was due to a partial reduction of the permanganates. Hantzsch 
found that the absorption of solid copper sulfate pentahydrate was very 
similar to that of its aqueous solution, thus confirming to that extent the 
earlier observation by Vogel. Hantzsch concluded that the color of both 
ions is due to the complex, Cu -4H 2 0. He believed that this group is also 
present in dilute solutions of cupric chloride, while the green concentrated 
solutions contain the unsaturated complex, Cu • 2H 2 0, which is also present 
in the solid hydrated salt. 

Hantzsch ascribes the intense blue color of the copper ammines to the 
saturated complex, Cu-4NH 3 . Investigation of the copper ammines by 
Hantzsch and Robertson (7) showed the color to be independent of the 
anions. The same was true for pyridine solutions, but the complex is 
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apparently less stable in the pyridine solutions, as more is required to pro¬ 
duce the blue color. Hantzsch suggests the presence of such groups as 
Cu-3Py-H 2 0 or Cu-2Py-2H 2 0, as being likely. In the case of both solid 
and solution the saturated complex is the chromophoric group, such as 
Cu* 4H20 or Cu- 4NH3. This chromophoric group determines the color 
regardless of the degree of electrolytic dissociation of the compound in 
which it appears. 

Some of Hantzsch’s conclusions had been reached independently and 
somewhat earlier by Bjerrum (8). “I will next emphasize that it is per¬ 
missible to assume that the ions of an electrolyte have the same color 
whether in the free or the bound state, so long as no new complex is formed. 
This assumption was put forward by me as probable in the spring of 1907 
(9). I came to this conclusion by combining the optical data now being 
presented with the newer views on the constitution of inorganic salts. In 
the fall of 1907 Hantzsch formulated the same generalization and con¬ 
firmed it by new expeiimental data. Just recently some studies on the 
color of the chromic salts has given me a very good confirmation of this law. 
I propose to discuss these investigations more fully elsewhere and I will 
only mention the following here. All normal hexaquochromic salts have 
exactly the same color, the color of the hexaquochromic ion, even at con¬ 
centrations at which the salts are only very slightly dissociated into ions.” 

A possible explanation of the practical identity of color of crystallized 
copper sulfate pentahydrate and of copper sulfate solutions is given by 
the theory of complete dissociation. If copper sulfate is 100 per cent 
ionized under all conditions, there is no reason for any change in color with 
changing concentration. The difficulty with this is that the monohydrate, 
CuS(VH 2 0, is green and the anhydrous copper sulfate is colorless. From 
this it follows that either anhydrous copper sulfate is not dissociated at all 
or that the copper ion is not blue. 

Roscoe and Schorlemmer (10) state that when copper sulfate penta¬ 
hydrate or trihydrate is heated for some time to 100°C., the monohydrate, 
CuS 04 *H 2 0 , remains as a bluish-white powder. This is not correct. It 
was known at least a century ago that monohydrated copper sulfate is green. 
Graham (11) says that “the sulphate of copper with one atom [molecule] 
of water was also obtained in a crystallized state by Dr. Thomson and called 
by him green sulphate of copper.” Muller (12) found that the mono¬ 
hydrate is greenish, and we have confirmed his results. Muller looks upon 
the green color of the monohydrate and the lack of color of the anhydrous 
sulfate as quite inexplicable. 

SPECIAL ASSUMPTIONS 

We adopt the general theory of Hantzsch; but the facts now at our 
disposal make necessary some minor changes in the wording. For instance, 



1064 


WILDER D. BANCROFT AND HARRIS WHITE ROGERS 


the experiments of Dewar (13) show that apparently all colored substances 
become paler with falling temperature. “The optical properties of bodies 
cooled to the temperature of boiling liquid air will require long and patient 
investigation. An interesting fact, easily observed, is the marked change 
in colour of various bodies. Thus, for instance, oxide, sulphide, iodide of 
mercury, bichromate of potash, all become yellow or orange; while nitrate 
of uranium and the double chloride of platinum and ammonium become 
white. Chromic acid, dilute solutions of iodine in alcohol, strong solutions 
of ferric chloride and other coloured solutions become greatly changed. 
Such facts are sufficient to prove that the specific absorption of many 
substances undergoes great changes at the temperature of — 190°C.” 

When the change with falling temperature involves an apparent change 
from yellow to white, as is the case with heated zinc oxide, this could easily 
be considered as contradicting the wording of Hantzsch’s theory even 
though it does not violate the real principle, because the change is only or 
chiefly one of intensity. In the discussion of the colors of the cupric salts, 
so far as affected by water and ammonia, we make the following assump¬ 
tions: — 

1. The color of the chromophoric group does not vary appreciably 

with varying degree of ionization. 

2. The color of the chromophoric group becomes paler with falling 

temperature. 

3. The anhydrous cupric ion is not blue. It is probably colorless; 

but the possibility of its being red is not yet excluded. 

4. Cupric copper with one or two molecules of water attached is green. 

5. Cupric copper with three or ©ore molecules of water attached is 

blue. 

6. The NH3 group has an effect similar to that of a water molecule in 

the copper complex, though the actual blue is different. 

7. Copper oxide is blue and not black. 

8. Some double salts have an effect which cannot be predicted at 

present, anhydrous potassium copper sulfate being blue. 

GREEN AND BLI E SALTS 

Anhydrous cupric sulfate, fluoride, selenate, and perrhenate are colorless. 
Anhydrous cupric nitrate has been reported by Ditto (14) as nearly color¬ 
less, though with a slight greenish tint. It is probable that this discolora¬ 
tion is due to incomplete drying or to slight decomposition, and that the 
pure anhydrous nitrate is colorless like the other salts cited. If these salts 
are ionized appreciably, then the anhydrous cupric ion is colorless. If the 
salts>are not ionized appreciably, cupric copper in this form is colorless. 
We thought, at first, that Hantzsch’s theory required that anhydrous cu¬ 
pric ion should be colorless, but there are some anhydrous copper double 
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salts which are red. It would follow equally well from this that anhydrous 
cupric ion is red. Until we know whether the red or the colorless salts 
contain the simple cupric group, the question of the color of the anhydrous 
cupric ion must remain undecided. We shall discuss the question more in 
detail when considering the brown and red salts. The important thing 
from our point of view is that the blue ion in hydrated copper sulfate and 
nitrate cannot be the anhydrous cupric ion. 

TABLE 1 

Green sails 


Cu80 4 'H,0 

C 11 WO 4 2H 2 0 

Cu(CII 2 C0 2 ) 2 *NII, 

C 11 SO 4 2NH, 

CuCl. 2H.0 

Cu(CH,C0 2 ) 2 -C«ILN 

C 11 SO 4 NH/MI 

CuCIj 2NFL 

Cu(CC1sC0 2 )i 2H 2 0 

CuSe0 4 2NIL 

CuBr 2 2NIL 

CuCl. 2KC1-2ILO 

CuSe0 3 NIL 

CuL 2NFL 

CuBr 2 2NlI 4 Br-2H 2 0 

CuSeOs-NIIrH.O 

CuC,() 4 NIL 



TABLE 2 

Him salts 


C 11 SO 4 3H 2 © 

Cu(NO,) 2 4NFL 

CuL 5NIL 

C11SO4 5 ILO 

Cu(N() 3 ). ()NH s 

CuL 6NH 4 

C 11 SO 4 4NH, 

Cu(N0 2 ) 2 4NII, 

CuL 4NHj ILO 

C 11 SO 4 5NH, 

C 11 WO 4 4NTI, 

Cu(UL). 4NIL 

C 11 SO 4 4NH, H.O 

Cu\lo0 4 2NH { HoO 

Cu(rO,) 2 4NH, H 2 0 

CuS0 4 5NILOH 

CuSiF fi OH.O 

Cu(CNS) 2 4NII, 

CuSe() 4 3H 2 () 

CuCL 4NIL 

Cu(CNS). 5NIL 

CuSeCL 5HiO 

CuCl 2 GNH, 

Cu(CNS), 6NH, 

CuSe0 4 5NTL 

(yu(CK)i). 411.0 

CuS (>4 M 2 SO 4 6H a 0* 

CuSeOi 3NH, 

Cu(Cio,) 2 f>H.o 

Cu(C.() 4 ) 5NIL 

CuHoOi 2NIL H/) 

Cu(Cl()i)i 4NII 1 

CuC 2 (>4 2NIL ILO 

Cu(Re0 4 )> 4H 2 <) 

Cu(C10 J ) 2 HNIL 

Cii(IIC() 2 ) 2 4NIL 

Cu(Re0 4 ) 2 4NIL 

CuBrj 5NHj 

Cu(IIC0 2 ) 2 2C J ILN.IL0 

Cu(N() J )r3H 2 0 

CuBr 2 ONH, 

Cu(CILCOJ 2 -4NH, 

Cu(NO,) 2 kilo 

Cu(BrOi)i 4NIL 

Cu(CH 3 C0 2 ) 2 -4C«H b N 


* M is K, Rb, Cs, NH,. 


In table 1 is given a list of some cupric salts which are green when 
crystallizing with one or two molecules of water, ammonia, hydroxylamine, 
or pyridine. The list is not exhaustive. 

The free acids and the sodium salts of the acids in table 1 are colorless, 
whether hydrated or not, so that there is no reason to believe that the water 
or ammonia influences the color by being attached to the anion. Where 
the literature was conflicting as to the color, the salts have been made. 
Unless the color was perfectly obvious, the crystals were immersed in a 
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liquid of approximately the same index of refraction to eliminate diffuse 
reflection. The color was then checked by several observers. 

In table 2 is given a list of some of the blue cupric salts with three or 
more molecules of water, ammonia, hydroxylamine, or pyridine. 

Chuard (15) claims to have obtained a blue cupric chloride with three 
molecules of water by working below zero. This would be a welcome 
confirmation of the theory, but no one else has yet been able to isolate this 
hydrate. A conspicuous exception to the assumption that cupric salts 
with three or more molecules of water are blue is CuCl2CdCl 2 -4H 2 0, a 
green salt. We know that cadmium salts in general tend to be hydrated, 
so that it is probable that part of the water in the crystal is attached to 
the cadmium, and that the formula should be written CuCl 2 -2H 2 0*CdCl 2 * 
2H 2 0. When the red crystal, CuCl 2 LiCl-2H 2 0, is discussed later, it will 
be shown that some of the water is undoubtedly attached to the lithium. 

BROWN AND RED SALTS 

Hantzsch’s theory enables us to draw some interesting conclusions in 
regard to some of the brown and red cupric salts. Anhydrous cupric 
chloride is a yellow-brown; but Bancroft and Weiser (16) reported that its 
vapor is violet-red. This has been confirmed by volatilizing the anhydrous 
chloride rapidly either by itself or in an atmosphere of chlorine to prevent 
dissociation. In both cases the vapors were distinctly violet-red and 
condensed to the brown solid. From Hantzsch’s theory it follows that the 
vapor must have a different constitution from the solid. Viard (17) has 
already shown that cupric chloride and cupric bromide are abnormal, 
because addition of an excess of concentrated sulfuric acid precipitates 
anhydrous yellow-brown cupric chloride and anhydrous black cupric bro¬ 
mide, respectively, instead of converting these salts into sulfates. Hantzsch 
and Carlson (18) state quite definitely that cupric chloride is a pseudo salt. 

Qualitatively, solid anhydrous cupric chloride is similar in color to one 
constituent of a solution of cupric chloride in aqueous hydrochloric acid. 
Donnan and Bassett (19) showed that the yellow-brown color in these 
solutions is due to an anion containing copper, CuCh or something of that 
type. Kohlschiitter (20) extended the work of Donnan and Bassett, and 
found that a brown color moved to the anode in concentrated solutions of 
cupric chloride. In a dilute solution all the copper went to the cathode, 
but increase of concentration caused some and then more copper to go to 
the anode. On these facts we conclude that anhydrous cupric chloride is 
really the copper salt of a chlorocupric acid, and that the formula should be 
written CuCCuCh) or Cu(CuCl 3 ) 2 . 

On the other hand, some of the anhydrous double salts are red, such as 
CuClfNHiOl, CuCl 2 • CsCl, and CuCl 2 • KC1. In these salts we undoubt¬ 
edly have the cupric chloride having the same chromophoric group as the 
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vapor. It is probable that an x-ray analysis would show a distinct differ¬ 
ence between the copper atoms in anhydrous cupric sulfate and those in 
anhydrous potassium cupric chloride. This is the more plausible because 
Hendricks and Dickinson (21) have examined some of the hydrated double 
chlorides and have found evidence indicating a CuCla^HaO group in the 
ammonium, potassium, and rubidium salts of this type. This confirms our 
application of Hantzsch's theory. It is a pity that Hendricks and Dickin¬ 
son did not also study the salt which we write CuCl 2 • 2H a O • CdCl 2 .2HaO. 

The hydrated double salt of lithium and copper chlorides has the compo¬ 
sition, CuCl 2 -LiCl*2H 2 0, and is red. Consequently the water must be 
attached to the lithium chloride and not to the cupric chloride. This is 
additional evidence for the formula which we have given for hydrated cop¬ 
per cadmium chloride and should be confirmed by an x-ray study. 

Engel (22) and Sabatier (23) have made a red compound of cupric chlo¬ 
ride, hydrogen chloride, and water. Engel wrote the formula CuCl 2 • HC1 • 
3H 2 0 and considered that the compound was derived from the hypothetical 
trihydrate of cupric chloride. Sabatier wrote the formula CuC1 2 *2HC1« 
5H 2 0 and did not care how it came to pass. Since neither man had a 
method of analysis that was worth anything, nobody knows what the 
composition really was; but the color was red—Sabatier called it a hya¬ 
cinth red—and changed reversibly from red to green and back again as 
hydrogen chloride (and water) evaporated off and was put back again. 

With the idea of testing Hantzsch’s conclusions, anhydrous cupric chlo¬ 
ride was added to molten potassium chloride and to molten sodium chloride. 
In both cases the melt was at once colored red. In time the melt de¬ 
colorized, presumably owing to volatilization of the cupric chloride. This 
agrees with what Hantzsch would predict if the cupric chloride vapor is 
normal, and means apparently that anhydrous cupric ion is red. This 
contradicts the conclusion drawn from the colorless anhydrous salt. Either 
copper sulfate, fluoride, selenate, nitrate, and perrhenate form colorless 
complexes in which copper is not the basic radical, or copper is not the basic 
radical in cupric chloride vapor. Until some independent evidence is 
forthcoming, it is impossible to determine which conclusion is right. 

On general principles it seems probable that cupric sulfate and cupric 
nitrate are normal and not pseudo salts. There is no reason why the vapor 
of cupric chloride should not be abnormal to some extent. We know that 
it condenses to a pseudo salt. Sabatier (24) found that cupric bromide is 
yellowish-red in absolute alcohol and is purple in concentrated solutions of 
hydrobromic acid, potassium bromide, sodium bromide, lithium bromide, 
and calcium bromide. There are anhydrous double salts which are red, but 
apparently no single salts. According to Bodtker (25) anhydrous cupric 
chloride in absolute alcohol is brown, although the salt which crystallizes 
is green and has the composition CuCl 2 • 2CH 3 CH 2 OH. 
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The organic cupric compounds are blue, green, or brown, but apparently 
never red. Copper acetylacetonate (26) is cobalt-blue when anhydrous 
and sky-blue when crystallizing with two molecules of water. Copper 
acetoacetic ethyl ester (27) Is green, while the basic methylate is blue. 
Wislicenus wrote the formulas: 


CH, 

CH, 

CH, 

COCu-OC 

COCu-OCH, 

CH 

CIl 

CH 

COAHs 

C0.CJI5 

CO,C 2 H 6 

Copper acetoacetic ester 

Basic methylate 


(green) (blue) 

The blue form is stable in methyl alcohol and the green form in benzene. 

The copper derivative of benzoyl camphor (28) is greenish-yellow in 
alcohol and greenish-brown in chloroform. Since the red salts occur only 
under conditions where one would expect pseudo salts, we feel that it is 
probable that the violet-red of the cupric chloride vapor is abnormal and 
that the anhydrous cupric ion is colorless. 

In fused ammonium acetate at 90°C\ cupric chloride, sulfate, nitrate, 
chlorate, acetate, and oxide are blue, undoubtedly because of the forma¬ 
tion of the Cu(NH 3 ) 4 group. In fused ammonium sulfate at 160°C. they 
are all green, undoubtedly because of the formation of the Cu(NH 3 ) 2 or 
Cu(NH 3 ) group. In fused ammonium nitrate at 160°C. all were green 
except the acetate and oxide, which were blue. All the salts gave a black 
color in a fused mixture of potassium and sodium nitrates at 300°C. This 
is apparently due to the formation of undissolved, black, cupric oxide. 

SOLUTIONS 

Addition of considerable quantities of sulfuric acid to a copper sulfate 
solution causes the color to shift from blue to green. This is what should 
happen if the chromophoric group was being dehydrated. 

Gladstone (29) says that “even where different salts of a base have the 
same colour, the same amount of the base does not give the same intensity 
of colour. Thus if equal portions of oxide of copper be dissolved respec¬ 
tively in acetic, hydrochloric, nitric, and sulphuric acids, and equally di¬ 
luted, the acetate will be found to be far deeper in colour than the sulphate, 
and this again far deeper than the chloride. On being converted into 
ammoniacal salts, these four approximate more nearly, but are still far from 
identical in colour.” 

The acetate did not sdem to be entirely trustworthy because of the possi¬ 
ble presence of basic salt. Dr. F. H. Getman was kind enough to run' 
spectrophotometric determinations on copper nitrate and copper sulfate 
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solutions. He confirmed Gladstone’s observations, finding that solutions 
of copper nitrate are a deeper blue than the equivalent solutions of copper 
sulfate. This does not apply of course to very dilute solutions. Since 
copper nitrate crystallizes with six molecules of water instead of with five, 
the natural hypothesis is that the copper in undissociated copper nitrate is 
more highly hydrated than the copper in the corresponding copper sulfate 
solutions. As yet there is no independent proof of this. We hoped to find 
in the literature that the solid solutions of copper and zinc sulfates contain¬ 
ing seven molecules of water per molecule of salt were much bluer per unit 
of copper in a given thickness than the corresponding solid solutions with 
five molecules of water. The literature seems to destroy this hypothesis. 
Friend (30) says that copper sulfate forms pale blue monoclinic crystals of 
the series, CuS(V7H 2 OZnS(V7II 2 (), but dark blue triclinic crystals of the 
series of solid solutions, CuS()4*5H 2 ()-ZnS0 4 -5H 2 0. This is so inherently 
improbable that we suspect that proper allowance has not been made for 
the low copper concentration. This point will be checked as soon as 
possible. 

In the field of non-aqueous solutions the evidence is rather contradictory. 
Guthrie (31) heated glycerol with cupric sulfate, obtaining an emerald- 
green solution * This is what one would expect if there were dehydration. 
Grim and Bockisch (32) say that copper sulfate pentahydrate with dry 
glycerol gives a dark blue solution. On precipitation with alcohol they 
obtained a blue oil which could be dried to a blue glass. They write the 
formula for this: 


P / HO CHi \ | 

Cuf ) S(VH*0 

L \ HO CH CH 2 OH/ s J 

On repeating Guthrie’s experiments we got a green solution as he did. 
We were not using absolutely anhydrous glycerol any more than Guthrie 
was. It is possible, though not proved, that anhydrous glycerol gives a 
blue solution and glycerol with small amounts of water gives a green one. 

As has been stated, cupric chloride gives a brown solution in absolute 
alcohol (33) and a green diethylate crystallizes from it. Ley (34) found 
cupric chloride to be green in alcohol and blue in pyridine. Mason and 
Mathews (35) reported both green and blue solutions in pyridine just as in 
water. They suggest that the green is due to cuprous chloride, as this 
salt is known to be green in pyridine; but this does not yet seem to be 
necessary. Samrnis (36) found that both cupric acetate and cupric for¬ 
mate are blue in pyridine. Mathews and Benger (37) found only two 
stable solvates of cupric acetate and pyridine, a green one with one mole¬ 
cule of pyridine and a blue one with four molecules. Hantzsch and 
Robertson (38) state that all the cupric salts give the same blue in dilute 
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solution in aqueous pyridine. They suggest that the blue complex may 
contain water as well as pyridine. 

MISCELLANEOUS CASES 

We are still in the descriptive stage with regard to the copper salts. It 
seems fairly certain that the addition of one or two molecules of water to 
the copper atom will give a green color, while the addition of three or more 
will give a blue color; but we do not know why the one is green and the 
other blue rather than two other colors. Consequently we cannot tell as 
yet what other grouping will make a copper compound green, blue, or red. 
The alkaline cupric tartrate solution contains a blue anion, but we could 
not have predicted that. 

Covellite, cupric sulfide, is blue and so apparently is finely divided cupric 
oxide. In borate and silicate glasses cupric oxide is blue. Here there can 
be no question of hydrated ions, and the turning green of these glasses when 
heated too hot is due to the formation of cuprous oxide (39) and has noth¬ 
ing whatsoever to do with the green of such salts as hydrated cupric 
chloride. 

Dioptase, H 2 CuSi0 4 , is green, and crysocolla, H 2 CuSi0 4 H 2 0, is blue. 
Egyptian blue (40) is crystallized Ca0-Cu0-4Si0 2 , and is blue. At 850- 
900°C. it changes reversibly to a green glass. This is undoubtedly due to 
the partial decomposition of the cupric salt, but this has not yet been shown 
analytically. It is possible, though not proved, that dioptase may contain 
some cuprous salt. 

Copper pentammino metachloroantimonate, Cu(SbCl 8 ) 2 -5NH 3 , is blue 
(41) as it should be, but it becomes green on losing ammonia and that 
could not have been predicted. The analyses of Scheele’s grefen, Paris 
green, etc., are so conflicting (42) that one cannot tell anything about them; 
but copper metarsenite, Cu(As0 2 ) 2 , is said to be colorless and the dihy- 
drated salt, Cu(As() 2 ) 2 *2H 2 0, is said to be green. That is satisfactory if 
true. 

It is impossible to make any definite statement at present about the 
basic salts. Basic copper sulfate, CuS0 4 -3Cu0 2 H 2 , is green (43) and 
CuS0 4 CuO is said to be orange. Malachite, CuC0 3 • Cu0 2 H 2 , is green, 
and azurite, 2CuC0 3 Cu0 2 H 2 , is blue. 

The double sulfate of potassium and copper is a very trying case. Cowan 
and Ferguson (44) say that the dihydrate, K 2 S0 4 CuS0 4 *2H 2 0, is bluer 
than the hexahydrate. The anhydrous salt is blue. One does not like 
to postulate that potassium sulfate is equivalent to three or more molecules 
of water in its chromophoric properties and yet Graham (45) put forward 
what is practically our working hypothesis nearly one hundred years ago. 
“This double salt [K 2 S0 4 *CuS0 4 ] retains its blue color after being fused at 
a red heat and cooled, and does not become white like the sulphate of cop- 
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per. Indeed it appears that to be colored, the salts of the oxide of copper 
require the addition of some other constituent, such as saline water [what 
is now called water of crystallization], sulphate of potash, or ammonia. 
Hence if the absolute sulphate of copper could be obtained in a crystallized 
state [as has since been done], it would be a colorless salt.” 

A century of progress has brought us back to Graham. Our conclusions 
and those of Hantzsch would also be acceptable to Gladstone (46). “Every 
observation made on this salt [cupric chloride] is perfectly explicable on 
the supposition that the proper color of chloride of copper is brown, and 
that it forms hydrates which are green or blue, just as the white sulphate of 
copper becomes blue when hydrated. Some of the facts, too, are more 
easily explained on this view. 

“Thus it is hard to imagine that if green be the color of CuCl [CuCla], 
and blue that of CuO, HC1 [CuO • 2HC1 • H 2 0 or CuO-2HCl], the addition 
of more HC1 should render it green; while it is readily conceivable that the 
hydrochloric acid should ieplace a portion of the water in the blue hydrated 
chloride of copper and form a green double chloride, CuCl, 2HC1 [CuCl 2 * 
xHClyH 2 0]. 

“If the change of color is to be taken as evidence that crystallized chlo¬ 
ride of copper becomes, when treated with a considerable amount of water, 
CuO, HC1, a parity of reason should lead us to conclude that the bluish- 
green crystals contain none of the yellowish-brown CuCl [CuCl 2 ]; yet, if 
we suppose that these crystals actually contain the oxide, we can give no 
consistent account of the subsequent change of color on solution.” 

CONCLUSIONS 

1. The cupric salts confirm Hantzsch’s theory of the identity of color 
of solid, solution, and vapor when the chromophoric groups are the same 
in the three states. Conversely, a difference in the color connotes a 
difference in the chromophoric groups. 

2 . The color of a chromophoric group is practically independent of the 
degree of ionization but becomes less intense with falling temperature. 

3. Cupric copper with one or two molecules of water is green; with three 
or more molecules of water it is blue. 

4. The ammonia molecule has practically the same effect in a copper com¬ 
plex as has the water molecule, though the shade of the blue is different. 

5. Anhydrous cupric sulfate, fluoride, selenate, nitrate, and perrhenate 
are colorless, which means that the anhydrous cupric ion is colorless if these 
salts are normal. 

6 . We have confirmed the statement by Bancroft and Weiser that cupric 
chloride vapor is red. If the vapor is normal, the theory of Hantzsch 
requires that the color of the anhydrous cupric ion is red. It is probable 
that the vapor contains a pseudo salt. 



1072 


WILDER D. BANCROFT AND HARRIS WHITE ROGERS 


7. Anhydrous cupric chloride is yellow-brown, which is the color of the 
anion in aqueous hydrochloric acid solutions of cupric chloride and is not 
the color predicted by the theory of Hantzsch. Consequently anhydrous 
cupric chloride must contain copper as part of the acid radical. Hantzsch 
has himself pointed out that anhydrous cupric chloride must be a pseudo 
salt. 

8. The anhydrous double salts, CuCl 2 • NH 4 C1, CuCl 2 CsCl, and CuCl 2 - 
KC1, are red, and the chromophoric groups are therefore similar to that in 
the vapor of cupric chloride. 

9. The hydrated double chloride, CuCl 2 • Lid • 2H 2 0, is red and must 
therefore have the two molecules of water attached to the lithium chloride 
and not to the copper. 

10. The hydrated salt, CuCl 2 -CdCl 2 -4H 2 (), is green and not blue. Its 
formula should therefore be written CuCl 2 • 2H 2 0 • CdCl 2 • 2H 2 0. 

11. By means of x-ray analysis Hendricks and Dickinson have shown 
the probable existence of the group, CuCl 2 -2H 2 (), in some of the green 
double salts. It is very much to be desired that a systematic study should 
be made. 

12. The anhydrous cupric ion is probably colorless, but may possibly be 
red. 

13. Copper produces a blue color in the borate and silicate glasses and 
in crystallized Egyptian blue. 

14. We do not know why copper is green with one or two molecules of 
water and blue with three or more molecules of water and consequently 
we can not predict what other groupings will give blues, greens, or reds. 

15. The basic salts are rather hopeless for the present. 

16. The anhydrous double sulfate, K 2 S0 4 CuS() 4 , is blue.< It was 
pointed out by Graham in 1835 that the effect of potassium sulfate is simi¬ 
lar to that of water or ammonia. 
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The usual method of determining the activity coefficient of a protein in 
the presence of salt by measuring its solubility is limited, except in the 
case of globulins, to comparatively concentrated solutions. Furthermore, 
necessary information concerning the composition of the solid phase is 
usually lacking, so that one may actually be dealing with a hydrate whose 
activity is equal to the product of the activity of the protein by some power 
of the water activity. It may be pointed out that in the inorganic field 
solutes are usually treated without regard to hydration even though the 
solid phase, should it exist, contain water of crystallization. One does 
not, for example, speak of the activity coefficient of hexahydrated calcium 
chloride. 


PROTEIN ACTIVITIES FROM OSMOTIC EQUILIBRIA 

The osmotic pressure of protein, both in the presence and in the absence 
of other substances, has been recently investigated by a number of workers 
(1, 2,3). In the following a method will be developed for determining from 
such measurements what changes are brought about in the activity coeffi¬ 
cient of the unhydrated protein by addition of a third component to the 
solution. The method is applicable at any temperature between the 
freezing point of water and that temperature at which the protein co¬ 
agulates, and may be used throughout the entire solubility range of protein 
and added crystalloid,—organic or inorganic. 

Consider an isoelectric protein solution in equilibrium against water 
across a membrane impermeable to protein but permeable to all other 
substances. If successive small amounts of salt or urea be added to the 
system, there will be reached after each addition a new state of equilibrium. 
By exerting an appropriate pressure the protein molality may be held con¬ 
stant, leaving as the measured variables the osmotic pressure and the 
molality of added substance within and outside of the membrane. 

Suppose the excess pressure above atmospheric on the protein solution 
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reduced from P to zero. Within the membrane when P is reduced to 
zero, let us set: 

a\ = activity of water. 

a 2 = activity of added substance. 

a 3 = activity of protein. 

m 2 = molality of added substance. 

m 3 = molality of protein. 

y 3 = activity coefficient of protein. 

V i = partial molal volume of water. 

F 2 = partial molal volume of added substance. 

Let ai , at f rn* represent the corresponding quantities in the protein-free 
outer solution. The symbols and general method of treatment are those 
of Lewis and Randall (4). We have the two Duhem equations 


Also 

or 


d hi oh — — 55 51 d In a! — m> d In a 2 
55 51 d In a* = — m* d In a* 

RT In a t ■= RT In a* - ViP 
d In (h = d In a* — ^ d P 


Similarly 


d In — d In a* 



Substituting equations 1 and 5 in equation 1, 


m 3 d In (u 


55 51 l r i 4- miV 2 
RT 


d P - 55 51 d In a* 


m 2 d In a* 


( 1 ) 

( 2 ) 

(3) 

(4) 

(5) 

( 6 ) 


From equations 6 and 2 


d In ch 


55 51Ki -f mA’i 


i* - 


d P + 


mi 


niiRT m,i 

Changing to common logarithms and introducing y 3 


d In a* 


d log 7 j + d log m 8 
Integrating 


2 3 m*RT 


d P + 


mi 


d log a* 


(7) 


( 8 ) 


J d 108 1 dP + f dloga * “ J d log m * (9) 
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This equation enables us to calculate changes in 73 from measurements of 
osmotic pressure and the distribution of added substance between the 
protein-containing and protein-free compartments of an osmometer. The 
partial molal volumes may be measured or assumed to be the same as in 
the protein-free solution. Activities outside are determined by the usual 
methods. 

This calculation has been carried through using the careful data of 
Sorensen (5) and his coworkers on the osmotic pressure of egg albumin 
in the presence of ammonium sulfate. Since the activity coefficient of 
ammonium sulfate is not known, it has been assumed equal to that of 
sodium sulfate as given by Akerlof ( 6 ). In the calculation of w ? 3 the 
molecular weight was taken as 34,500 and the nitrogen factor as 6.45. 
The value of 55.51 Vi + m 2 V 2 is from table 32, p. 158 of reference 5. In 
the most dilute salt solution 73 is set equal to one. 

rif 

Table 1 of this paper gives values of m* } w 2 , ^ 3 , —-- 2 , — log 7 J, 

trii 

and log a * obtained from tables 55, 56, and 57, pp. 334, 335, 336, and 337 
of reference 5, and values of y 2 from reference 6 . These are plotted in 

figure 1 with —-- as ordinate and log a \ as abscissa. A smooth curve 

through these points permits a graphical integration of the second term of 
the right-hand member of equation 9. The first term of the same member 
contributes little to log 73 and is easy to evaluate. The quantity 


55.51 l'i + tthVt 
~ 2.'fmRT 


is found to be approximately constant, so that one may use an average 
value over any interval and set 


1_ p 5 5^51^ +niA r 2 d/ , = 1_ C P! V_ 

2.ZRT m, 2.3tfT,) / . i m, 


d/’ - 5.3 X 10~ 3 {l’i - 




( 10 ) 


where P is expressed in centimeters of water and T = 291. 

In table 2 are given the steps in a graphical integration of equation 9. 

The solutions are selected from table 55, pp. 334 and 335 of reference 5 in 

such a manner as to cover the concentration range of ammonium sulfate in 

% 

approximately equal steps. Values forare read from figure 1. It 

may be observed that the osmotic pressure term is negligible. Figure 2 
shows that the logarithm of the activity coefficient of egg albumin is a 
linear function of the ammonium sulfate molality within the membrane. 
The decrease in the activity coefficient of egg albumin with increasing salt 




































u 16 il 26 31 36 43 46 

-l(X)aJ 

Fio. 1. 

1 Solutions of pH 4 6; • solutions of pH 4.9; —• solutions of pH 6.3 



Ammonium sulfate molality 

Fio. 2. 

• Log activity coefficient egg albumin from osmotic equilibria. 

J Log activity coefficient egg albumin from solubilities, assuming log y « Con¬ 
stant — log m j. 

The broken line shows log activity coefficient egg albumin from solubilities cor¬ 
rected for changing water activity, assuming the solid phase to contain 0.22 g. water 
per gram of protein. In the case of the two curves from solubilities only the slopes 
are significant. 


1080 


CRAWFORD F. FAILEY 


concentration at low salt concentrations may be real, as m the case of 
globulins, or may possibly be an error clue to a small amount of ammonia 

in the egg albumin, which would reverse the sign of -The author 

O 

is inclined to accept the first interpretation. 


TABLE 2 


1 

EXPERIMENT NO 


X 


a. 

A, 

■v 

HZ 

I&-. 

la: 

cc 

1 ™ 

* 

w 

o 

1 

* 

c 

a 

bC 

T3 

1 £ 

■* 

s 

£ 

S 

1 


! 

91 

0 03 

3 35 

10C3 

73 1 

0 

-0 3 

4 576 

0 

0 


0 

82 

0 07 

3 77 

1005 

79 5 

+0 03 

-0 2 

3 805 

-0 18 

0 00 


~0 21 

93 

0 13 

3 35 

1008 

75 7 

+ 0 01 

+0 1 

3 244 

-0 18 

0 


-0 17 

95 

0 31 

3 37 

1019 

73 7 

0 

1 8 

2 437 

4-0 59 

0 01 


4-0 58 

90 

0 04 

3 40 

1039 

73 1 

0 

5 5 

1 810 

2 88 

0 02 


2 80 

105 

0 82 

3 38 

1052 

07 9 

-0 03 

7 9 

1 585 

4 38 

0 01 


4 34 

111 

1 00 

3 30 

1004 

02 l 

-0 00 

10 3 

1 417 

5 91 

0 


5 85 

137 

1 12 

3 58 

1072 

01 7 

-0 07 

11 7 

1 333 

0 84 

0 03 


6 74 

90 

1 14 

3 95 

1073 

72 3 

0 

12 0 

1 324 

0 94 

0 08 


0 80 

61 

1 16 

3 93 

1075 

00 8 

-0 03 

12 2 

1 309 

7 13 

0 07 


7 03 

97 

1 34 

3 02 

1087 

58 2 

-0 07 

14 0 

1 207 

8 49 

0 03 


8 39 

112 

1 30 

3 37 

1088 

53 0 

- 0 10 

14 8 

1 198 

8 62 

0 01 


8 51 

02 

1 43 

4 07 

1095 

59 3 

-0 07 

16 0 

1 150 

9 36 

0 09 


9 20 

104 

1 69 

3 70 

1112 

43 9 

-0 15 

19 2 

1 042 

11 26 

0 05 


11 00 

98 

1 70 

3 06 

1118 

39 6 

-0 17 

20 0 | 

l 015 

11 79 

0 04 


11 58 


TABLE 3 


EXPERIMENT NO 

m* 

nu X 10 

lo« mi 4- 5 

1 57 — log Ml 

1 

1 81 

59 42 

1 77 

4 80 

2 

1 88 

40 17 

1 00 

4 97 

3 

1 95 

20 18 

1 42 

5 15 

4 

2 03 

14 98 

1 18 

5 39 

5 

2 22 

3 407 

0 54 

6 03 

0 

2 29 

2 080 

0 32 

6 25 


PROTEIN ACTIVITIES FROM MEASUREMENTS OF SOLUBILITY 

That the solubilities of proteins are affected by salts has long been known. 
Cohn (7) pointed out that the logarithm of protein solubility is, in the case 
of egg albumin and of'pseudoglobulin, a linear function of salt concentra¬ 
tion. This relation has since been found by Florkin (8) to hold for fibrin¬ 
ogen, and by Green (9) for hemoglobin. It is sometimes assumed that 
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log 

Tpiotoin » Constant — log Solubility pi otem (H) 

and a calculation made in accordance with the above from table 39, p. 221 
of reference 5 is shown in table 3 and plotted in figure 2. 

One may see that a great discrepancy exists between the slope of the 
straight line through these points and the values of log y 8 obtained by the 
previous method. If the solid phase contains water as water of crystalli¬ 
zation and we choose unhydrated protein as one component, however, 
equation 11 cannot hold. The reaction is not 

Protein (dissolved) Protein (solid) (12) 

but 

Protein (dissolved) + nH^O Protein hydrate (solid) (13) 


so that if a\ = activity of water, 

m 2 = molality of ammonium sulfate, 
a A — activity of protein, 
m 3 = solubility of protein, 

7a = activity coefficient of protein, 
cu = ^activity of protein hydrate, and 
n = moles of water per mole of protein in the hydrate, 



n 

a, a = a* = Constant 

(14) 

therefore 

n d log flj + d log 7 i 4“ d log m 1 = 0 

(15) 

and 

0 log Yi Ologw.j dlogfli 

n — — 

dnii 0m> OVU 

(16) 

but 

d log fi\ d log 'Zi dd 
dnii 00 dni> 

(17) 


where 6 is the freezing point depression. 

^2?— = -0 00421 (18) 

de 


(Sec reference 4, p. 284.) Also for ammonium sulfate (reference 10), 
when m 2 is about 2, 

e 

mi 


( 19 ) 
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We shall set equal to this, and neglect the effect of protein on ai. Solid 

egg albumin hydrate contains 0.22 g. of water per gram of protein (refer¬ 
ence 5, p. 210). 


34,500X0. 22 

18 


( 20 ) 


From table 3 


0 log 1 Ml 
5 Wj 


( 21 ) 


Thus 


d S ° g - = 3.0 + 422 X 0.00421 X 3.21 = 8.7 (22) 

drtii 

which agrees satisfactorily with (he slope 7.6 obtainable from table 2 
when one considers all the assumptions made in getting constants necessary 
for the computation, and the fact that in one case the protein concentration 
is held constant while in the other it varies greatly. 

SUMMARY 

The logarithm of the activity coefficient of egg albumin in the presence 
of ammonium sulfate has been calculated from osmotic data and found 
to be a linear function of the sail concentration. These activity coefficients 
are in satisfactory agreement with solubility measurements when account 
is taken of the composition of the solid phase. 
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NEW BOOKS 

Rkel et DUerminisme dans la Physique Quantique. By E. Meyerson, with a preface 
by L. de Broglie. 50 pp. Monograph No. 68 of the scientific and industrial series 
published by Hermann & Co., Paris, 1933. 

This volume is the first of a group of monographs published under the direction of 
Professor L. de Broglie on the philosophy of the sciences. These philosophical trea¬ 
tises are to be part of the large sc ientific series mentioned. In the present essay 
the concepts of physical science are discussed in the light of quantum theory. 
References are given to the author’s own works and to seven original articles. No 
headings, no subdivisions, no index, and the discursive style make the volume very 
slow reading when one considers the difficult subject matter dealt with. 

George Glockler. 

Wege zur phys'kalischen Erkenntnis. Redcn und Vortrdge. By Max Planck. 
22.5 x 15 cm.; ix + 280 pp. Leipzig: S. Hirzel, 1933. Price: bound, 8 marks; 
unbound, 6 marks. 

Professor Planck has collected in this volume eleven lectures, given over a period 
from 1908 to 1933, in which the central theme is the physical conception of the uni¬ 
verse and its reactions on philosophy. The physicist’s picture of the universe has 
changed during this pc riod very considerably, and in recent times it has seemed to 
some that all hope of retaining the law of causality, and of going beyond the purely 
formal descriptions of events by mathematical methods, would have to be aban¬ 
doned. Professor Planck, whose own work has been most concerned in this change of 
outlook in physics, does not adopt this rather pessimistic view, and in this series of 
lectures he has examined the consequences of each new step in the physical de¬ 
scription of events. The lectures are, in fact, the result of careful thought on the part 
of a scientist who has always tried to sec beyond the narrow walls of the physical lab¬ 
oratory, and the volume is one in which former students of the great physicist will 
recognize his inimitable command of his subject and the great power of exposition 
and logical clarity which characterize all his work. The Nobel Lecture on the quan¬ 
tum theory is included. The volume is one of considerable interest and value. 

J. R. Partington. 

The Cotton Effect. By S. Mitchell. 22 x 13.5 cm.; vii -f 92 pp. London: G. Bell 
and Sons, 1933. Price: 7 s. 6 d. 

The opening chapter of this excellent little book is devoted to a consideration of the 
fundamental conceptions of refractive dispersion, normal and anomalous dispersion, 
double refraction, plane, circular, and elliptical polarization, circular double refrac¬ 
tion, anomalous rotatory dispersion, the detection of elliptical vibration, the Cotton 
effect, and circular dichroism. These terms and the causes of the various phenomena 
are fully explained, together with an account of the history of the work which led to 
their recognition. This is followed by a description of the measurement of absorp¬ 
tion spectra. The Hartley method and its modifications are described, as also are the 
uses of the spectrophotometer and the polarization-photometer. The third chapter 
is devoted to theoretical considerations and in this the equations of Sellmeier and 
Drude, connecting refractive dispersion and absorption, are considered together 
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with the modern developments of Kuhn. The measurement of rotation and elliptic- 
ity with modern instruments constitutes the subject of the fourth chapter. The 
work of Tschugaev, Lowry and others on rotatory dispersion and circular dichroism 
in connection with a number of organic and inorganic substances is dealt with in the 
next chapter, whilst the final chapter deals with asymmetrical photochemical action. 
Here many unsuccessful attempts at asymmetric synthesis arc described, together 
with the technique of the author which led to successful results. 

The book presents an excellent summary of the present knowledge of the subject 
and it can be recommended with confidence. 

James F. Spencer. 

The Conductivity of Solutions. By C. VV. Davies. 2nd edition. 21.5 x 14 cm.; x 
281pp. London: Chapman and Hall, 1933. Price: 15 s. 

Since the first edition of this book was reviewed in The Journal of Physical Chem¬ 
istry in 1930, it is only necessary to say that the size has been increased by about 
eighty pages by the inclusion of new material, two extra chapters on the practical 
applications of conductivity measurements having been added, and several of the 
sections in the earlier text have been brought up to date by the inclusion of recent 
work. A brief account of Wien’s experimental method and the results, further inves¬ 
tigations on non-aqueous solutions, the dissociation of weak ternary electrolytes, the 
recent investigations on the viscosity of electrolytes, and a very brief mention of the 
theory of Gronwall, La Mcr, and Sandved are the principal additions. The accounts 
of the theories are very sketchy and the mathematical side of the subject is neglected. 
On the other hand, the numerical applications of the equations, w hich are assumed, 
are good, and there are useful tables of data. 

J. R. Partington. 

Theoretical Physics. Vol. I. Mtchamcs and Hi at (New ton-Carnot). By W. Wil¬ 
son. 325 pp.; 80 diagrams. New York: E. P. Dutton & Co., 1932. 

The author covers the usual field of mathematical physics. Chapters 1 and II 
coverall introduction to vector and tensor analysis, the theorem of Gauss, Green and 
Stokes and Fourier’s expansion. Dynamics, wave propagation, elasticity, hydro¬ 
dynamics, and viscous fluids are dealt w ith in chapters IIT to IX. The kinetic theory 
of gases and statistical mechanics take up chapters X and XI and the first and second 
laws of thermodynamics with applications conclude the volume in chapters XII to 
XIV. The book is written in mathematical language, of course, and the explanatory 
paragraphs written in ordinary language are short, concise, and reduced to the mini¬ 
mum. Because he uses the concise expressions of mathematics, the author can cover 
the tremendous fields of human thought outlined above and do it w r ell in the allotted 
space. The student w ho wishes to read further about the subject matter w ill wel¬ 
come the bibliography added at the end of each chapter. This volume is the first one 
of three on the subject of theoretical physics, the second and third volumes are to 
cover electromagnetism, optics and relativity, quantum dynamics respectively. The 
first volume is an excellent treatise on the topics covered and the other volumes of the 
set will be aw r aited with great interest. 

George Glockler. 

Lehrbuch der physikalischen Chctnie. By Karl Jellinck. Band IV, Lieferung 3. 
25 x 16.5 cm.; xiv + 625-890 pp. Stuttgart: F. Enke, 1933. Price: 26 marks. 

The present issue completes the fourth volume of the work, and a fifth volume is to 
appear. The subject dealt with is the phase rule, and the treatment is intended to be 
representative rather than exhaustive. One- and tw o-component systems are treated 
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by means of representative examples, a good feature being the inclusion of uncon¬ 
densed systems in some detail, since this subject, being perhaps rather more difficult, 
tends to be neglected. Quantitative w ork is introduced when available, and the dia¬ 
grams are plentiful and well drawn. In the treatment of three-component systems 
with one liquid and one or more solid phases, the Schreinemaker isothermal method 
is generally used, but a few examples of the van’t Hoff method are also given. There 
is a section on thermal analysis as applied to three-component systems, and the usual 
detailed discussion of double salts with and without transition points. Mixed 
crystallization in three-component systems, and uncondensed ternary systems are 
dealt with only briefly, but references to literature are given fully throughout. Four- 
component systems are represented by reciprocal salt pairs, and by a system com¬ 
posed of water and three salts with a common ion. No higher systems arc treated. 
The book provides a compact ami clear account of a large subject, and maintains 
the high standard of previous volumes. It is a work of great merit and should be 
available to all physical chemists 

J. R. Partington. 

Essai sur la Chimit Comparke. Lis Corps Simples. By Ionel N. I.onginescu. 25 
x 16 cm.; vii -f 98 pp. Paris: Les Presses Imivcrbitaires de France, 1932. Price: 
30 francs. 

The opinion of the author of this essay is that the comparative method is the one 
best suited both to the progress of and to the learning of a science. As in the case of 
comparative anatomy the animal may be constructed by the aid of a singlo organ, so 
from knowledge oka single property of a substance, all others might be derived, or 
the relations traced from family to family. 

An electrochemical, thermochemical, photochemical, and analytical classification 
of the chemical elements is considered, but the basis actually adopted is a modifica¬ 
tion of the MendelScff periodic system. There is thus very little that is novel in the 
presentation, with a tendency rather to emphasize similarity and to ignore differ¬ 
ences. 

The author states that he may, at a later date, deal with binary substances; if he 
does, it w ill be interesting to see how' these w ill fare under the comparative method. 

W. H. Patterson. 

Fortschritte der Serologic. By Hans Schmidt. Vol. XXX of “Wissenschaftliche 
Forschungberichte.” 22 x 15 cm.; xi -f 191 pp. Dresden and Leipzig: Theodor 
Steinkopff, 1933. Price: bound, 13.20 RM; unbound, 12.00 RM. 

The series of “Wissenschaftliche Forschungsberichte,” of which the present w’ork 
is a number, undertakes to sift the chaff from the w heat and so differs from the some¬ 
what distressing compilations w ith w hich we are familiar in German literature. The 
present volume consists of a survey of the present state of serology, using this term in 
the strict sense as applying to phenomena observed in the test tube. All reference to 
immunity and anaphylaxis is excluded, these being dealt with in another volume. It 
is not to be supposed that a specialist in serological reactions w ill find this review of 
much use to him, but the w orker in allied subjects will welcome it as a survey of a field 
which is possibly overloaded w ith minutiae. The author, in order to produce any¬ 
thing but a trivial account in less than two hundred pages, has naturally been forced 
to pick and choose. Some subjects are frankly referred to recent reviews after a 
mere introductory outline, but those w hich are of considerable topical interest, such 
as the chemical nature of antigens and their bearing upon agglutination, are dealt 
with critically and fully from the point of view' of presenting a broad outline, though 
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not of course in the matter of detail. For those who may require it, two sources of 
further information are provided, namely, references to the authors cited, which indi¬ 
cate a special regard for the work of British and American workers, and references to 
more extensive reviews in different languages. 

P. Fildes. 

James Clerk Maxwell. 146 pp. New York: The Macmillan Co. Price: $2.50. 

This is a commemoration volume containing essays by J. J. Thomson, Planck, 
Einstein, Larmor, Jeans, Garnett, Fleming, Lodge, Glazebrook, and Lamb. 

It is apparent that those who through direct personal acquaintance or who through 
closely allied intellectual achievement could speak authoritatively were called upon 
to participate directly in the centenary of Maxwell's birth and it is inevitable that 
those whose intellectual interests lie in the fields of physics, chemistry, and mathe¬ 
matics will greatly appreciate the evaluations given in these essays. The laity how¬ 
ever will appreciate the volume only in part because of the profoundly technical char¬ 
acter of Maxwell’s work. 

The volume has an additional interest in that it gives the reader the reactions of 
master minds at a time when new concepts are in the foreground. 

Henry A. Erikson. 

GmelirCs Handbuch der anorganischen Chemie. 8 Auflagc. Herausgegeben von der 
Deutschen Chemischen Gesellschaft. System Number 35: Aluminium. Teil B, 
Lieferung 1: Die Verbindungen des Aluminiums. 25.5 x 17.5 cm.; ix + 308 pp. 
Berlin: Verlag Chemie, 1933. Price: 48 marks. Subscription price: 42 marks. 
The present volume deals with the oxides, oxide hydrates, nitride, halogenides, 
sulfate, and several less important compounds. The technical processes are fully 
dealt with, including aluminum chloride for oil cracking, and recent literature and 
patents are very fully covered. The recent papers of Weiser and Milligan, and of 
Edwards and Tosterud, in This Journal came too late for inclusion in the literature 
on the oxide hydrates, but the book by Edwards, Frary, and Jeffries on the aluminum 
industry is frequently cited and the technical information is complete and up-to- 
date. The volume is an indispensable addition to the literature of chemistry. 

J. R. PXrtington. 

UUnivers en Expansion. By Henri Mineur. Actualit6s Scientifiques et Indus- 
trielles, No. 63. Publics sous la direction de M. L. de Broglie. Paris: Hermann 
& Cie, 1933. 

The present volume is No. 63 in the series of monographs on scientific subjects, 
chiefly those in theoretical physics, published under the direction of de Broglie. It 
gives one of the very few up-to-date discussions of the subject, which is not merely 
intended for the layman or the general public, but treats the entire problem con¬ 
cisely, “from the ground up,” using directly the equations of Einstein, de Sitter, 
Lemaftre, and others, and discusses the properties of the various types of space 
resulting from each. It closes with a r£sum6 of Eddington’s calculations of the cos¬ 
mological constant X. It is cleat ly written, and gives an admirable summary of this 
question brulante of the present, and may be heartily recommended to any one inter¬ 
ested in the problem. 


W. J. Luyten. 
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INTRODUCTION 

In previous communications to This Journal, Collett and Lazzell have 
reported a series of measurements of solubility for several systems of di- 
substituted benzene derivatives, namely the nitroanilines (1), the amino- 
benzoic acids (2), the nitrobenzoic acids (3), and the dihydroxybenzenes 

(4). 

A survey of the literature revealed that no systematic investigation of the 
solubility of the acetyltoluidines in a series of solvents had ever been 
reported. The ^present investigation was undertaken with the primary 
object of obtaining data for another system of disubstituted benzene 
derivatives which could be used in the study of the solubility relations of 
systems of this type. These measurements are of value in themselves, 
since the acetyltoluidines are of some commercial importance. 

In this paper are presented solubility measurements for acetyl-o-toluidine 
in methyl alcohol, ethyl alcohol, n-propyl alcohol, isopropyl alcohol, n-butyl 
alcohol, isobutyl alcohol, acetone, chloroform, carbon tetrachloride, ben¬ 
zene, diethyl ether, and water from about 25°C. to 110.3°C., the melting 
point of the solute. The heat of fusion of acetyl-o-toluidine has been 
calculated. 

MATERIALS 

A. Acetyl-o-toluidine 

The acetyl-o-toluidine used in these determinations was the best grade 
obtainable from the Eastman Kodak Company. As received, it had a 
melting point of 107.1°C. After one crystallization from water it melted 
at 110.3°C. A little tar was observed to be formed around the beaker, 
A second crystallization from water gave no tar and no further change in 

1 Contribution No. 92 from the Department of Chemistry, Division of Industrial 
Sciences of West Virginia University. 

* From a part of the thesis presented to the Graduate School of West Virginia 
University, in June 1932, by James Lester Hall in candidacy for the degree of Master 
of Science. 
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melting point. Recrystallization of this product from alcohol gave no 
further change in melting point. For this reason it was concluded that the 
material which had been ci\^t dli/cd fnmi ■watci once and thoroughly 
dried was of sufficient purity foi me I he ineltuig point given in the 
International Critical Tables is 110.3 C ‘ . Befoie using, the material was 
dried over calcium chloride and then over concentrated sulfuric acid. 

B. Solvent* 

All the solvents used in this investigation, except water, were carefully 
dried and distilled several times until a product having a satisfactory 

TABLE 1 


Physical properties of solvents 




BOILING 

J IUCI RAC riVE INDEX 

HOI VENT 

ROILINt 

RA\( I 

IOINT 

(inter¬ 
nation AI 

Found 

Inter¬ 

national 

Methyl alcohol 

(Jtfjtf H ( 

64 3 

CRITICAL 
TA III F8) 

degrns C 

64 5 

1 3291 

Critical 

Tables 

1 329 

Ethyl alcohol 

78 4 

78 5 

1 3618 

1 361 

n-Propyl alcohol j 

97 1 

97 8 

1 3854 

1 386 

Isopropyl alcohol ' 

82 0-82 2 

82 3 

1 3790 

1 378 

n-Butyl alcohol 

117 9 

117 7 

1 3992 

1 3993 

Isobutyl alcohol 

106 9 107 0 

107 3 

1 3958 

1 396 

Benzene 

79 98-80 02* 

79 6 

1 5012 

1 5014 

Acetone. 

55 8-56 0 

56 1 

1 3599 

1 3591 

Carbon tetrachloride 

76 5 

76 8 

1 4603 

1 4607 

Chloroform 

60 8-61 1 

61 2 

1 4461 

1 4467 

Diethyl ether 

34 25- 34 35 

34 5 

1 3528 

1 3526 


* Richards and Barry (J Am Chem Soc 37, 996 (1915)) give 80 2°C as the boiling 
point of benzene. 


boiling range was obtained. Freshly redistilled water was used. In 
table 1 are listed the boiling ranges and t he refractive indices of the solvents 
used. All temperatures were obtained by use of thermometers certified 
by the Bureau of Standards and corrections were made in each case for 
stem emergence. The boiling ranges were all reduced to 760 mm. pressure. 


METHOD 

The experimental data on solubility presented in this article were ob¬ 
tained by the synthetic method. Details of the procedure used here are 
fully explained in a previous paper (5). 

All of the determinations were checked by at least two trials and many 
were repeated by duplicate bulbs. 
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TABLE 2 


Experimental values of the solubility of acetyl-o-toluidine in terms of mole percentage 


c 

t 

c 

t 

C 

t 

Methyl alcohol 

Ethyl alcohol 

n-Propyl alcohol 


degrees C 


degrees C 


degrees C 

100 00 

110 3 

100 00 

110 3 

100 00 

110 3 

86 00 

102 4 

85 30 

102 0 

86 80 

103.2 

83.60 

100 7 

79 95 

99 2 

63 30 

87 4 

74 35 

94 9 

71.90 

93 5 

53 20 

79 2 

69 50 

91 0 

64 60 

87.7 

49.38 

76 2 

63.60 

86 5 

54 94 

80.8 

40 40 

68 9 

59 80 

83 3 

47 55 

75.2 

32.30 

60 0 

55 48 

79 6 

41.37 

69 9 

20 15 

45 0 

45.55 

71 0 

31 80 

60 3 

15 18 

36 7 

36 45 

61 4 

24 45 

52 3 



26 50 

47 9 

13 99 

34 8 



22 34 

42 1 

9 20 

23 9 



10 31 

18 3 





Isopropyl alcohol 

| rc-Butyl alcohol 

Isobutyl alcohol 

100 00 

J.10 3 

100 00 

110 3 

100 00 

110 3 

92 80 

1(X. 2 

88 20 

103 5 

87 60 

103 1 

82 20 

100 .1 

67 80 

90 6 

78 80 

98 0 

72 50 

94 4 

63 10 

86 7 

67 92 

91 4 

61 10 

SO 7 

50 35 

77 2 

57 90 

83 0 

51 70 

79 8 

42 14 

70 8 

50 06 

77 2 

41 30 

71 8 

33 40 

62 1 

42 35 

72 3 

33 94 

66 0 

21 58 

47 7 

30 51 

60 7 

25 61 

57 1 

10 50 

26 5 

20 74 

49 2 

23 13 

54 1 



10 30 

30 1 

21 72 

52 2 





11 31 

34 5 





Benzene 

Acetone 

Carbon tctrachlornle 

100 00 

110 3 

100 00 

110 3 

1(X) (X) 

110 3 

87 82 

103 6 

91 60 

105 5 

91 24 

105 7 

80 30 

98 6 

82 52 

100 3 

77 75 

98 1 

69 48 

92 6 

71 30 

93 4 

66 73 

91 9 

60 30 

87 2 

68 50 

91 6 

59 63 

88 0 

44 54 

76 8 

52 82 

79 9 

49 44 

81 8 

35 97 

71 5 

38 37 

68 1 

38 06 

75 4 

27 68 

65 8 

29 01 

58 7 

29 92 

71 0 

18 26 

59 3 

19 16 

46 0 

20 57 

66 2 

9 78 

52 3 

11 43 

31 2 

11 35 

61 1 

7 22 

49 6 



6 21 

57 7 

3 00 

40 8 



2 313 

52 2 




1 

.718 

41 1 
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T \BLE 2 -Concluded 


c 

t 

r 

t 

c 

t 

Chloroform 

Piethjl other 

Water 


degree* (' 


degree * C 


'Inn c. 

100.00 

110 3 

100 1)0 

110 3 

100 00 

no i 

89.30 

104 1 

91 90 

106 2 

Forms a triple point at 

79 80 

98 0 

79 70 

99 9 

79 6°C. o\ < i m unde- 

76 90 

96 0 

70 03 

95 2 

termined 

1 111 u« 

61.70 

83 2 

00 55 

90 4 



52.90 

74 1 

47 72 

84 6 



45.42 

64 8 

35 90 

80 0 



35.65 

50 7 

24 96 

76 0 



28.11 

38 2 

12.85 

70 8 



21 00 

22 1 

5 900 

63 4 

0 380 

69.0 



2 288 

48 7 

0 1743 

43.3 



1 146 

27 7 




Ideal 




100.00 

110 3 





90 00 

105 0 





80.00 

99 2 





70 00 

92 9 





Of) 00 

85 8 





50 00 

77 9 





40 00 

OS 4 





30 00 

57 1 





20 00 

42.4 




1 

10 00 

20 1 




EXPERIMENTAL RESULTS 

The experimental measurements of the solubility of acetyl-o-toluidine 
are listed in table 2, C being the molal percentage of the solute (C = 100 N, 
where N is the mole fraction of the solute) and t the temperature in degrees 
Centigrade. The thermometers used were checked against thermometers 
calibrated by the Bureau of Standards. All readings were corrected for 
emergent stems. 

The results marked “ideal” were calculated as will be explained in the 
next part of this paper. The results presented in table 2 were plotted on a 
huge scale in terms of C versus t, and from these curves values of solu¬ 
bility have been obtained at 5-degree intervals of temperature. Table 3 
was constructed from these values. 
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TABLE 3 


Solubility oj acetyl-o-toluidine in various solvents, interpolated at a series of tem¬ 
peratures, expressed in terms of mole percentage 


temper¬ 

ature 

MET HTL 
ALCOHOL 

ETHYL 

ALCOHOL 

n- 

PROPYL 

ALCO¬ 

HOL 

TI¬ 
BI TYL 
ALCO¬ 
HOL 

180- 

PROPTL 

ALCO¬ 

HOL 

ISO¬ 
BUTT L 
ALCO¬ 
HOL 

BEN¬ 

ZENE 

CARBON 

TETRA¬ 

CHLO¬ 

RIDE 

CHLO¬ 

RO¬ 

FORM 

ACE¬ 

TONE 

DI¬ 

ETHYL 

ETHER 

25 

15 

6 

9 

5 

_ 


10 

0 

_ 


8 

2 

_ 


_ 


22 

1 

8 

7 

0 

9 

30 

17 

7 

11 

6 

12 

0 

12 

0 

9 

3 

10 

2 

— 


— 


24 

2 

10 

8 

1 

3 

35 

19 

8 

14 

0 

14 

4 

14 

4 

11 

6 

12 

7 

0 

8 

0 

6 

26 

5 

13 

2 

1 

5 

40 

22 

2 

16 

4 

17 

0 

17 

0 

14 

0 

15 

0 

2 

2 

0 

7 

29 

1 

15 

5 

1, 

,8 

45 

24 

7 

19 

3 

20 

0 

20 

0 

16 

8 

17 

8 

4 

3 

0 

8 

32 

1 

18 

4 

2 

0 

50 

27 

9 

22 

7 

23 

5 

23 

3 

20 

1 

21 

2 

7 

5 

1 

5 

35 

2 

31 

9 

2 

4 

55 

31 

4 

26 

8 

27 

6 

27 

2 

23 

9 

25 

2 

12 

6 

3 

7 

38 

5 

25 

7 

3 

1 

60 

35 

4 

31 

5 

32 

3 

31 

5 

28 

5 

29 

7 i 

19 

2 

9 

5 

42 

0 

30 

2 

4 

5 

65 

39 

7 

36 

3 

37 

0 

36 

0 

33 

5 

34 

4 

26 

8 

13 

4 

45 

5 

35 

1 

6 

9 

70 

44 

6 

41 

5 

42 

3 

41 

2 

39 

2 

39 

8 

34 

0 

28 

0 

49 

5 

40 

5 

11 

7 

75 

50 

2 

47 

4 

47 

9 

47 

4 

45 

5 

46 

0 

41 

5 

37 

3 

53 

7 

46 

6 

22 

0 

80 

56 

0 

53 

9 

54 

3 

54 

0 

52 

0 

52 

3 

49 

4 

46 

0 

58 

5 

53 

0 

36 

0 

85 

61 

9 

60 

5 

61 

0 

60 

7 

58 

6 

59 

0 

56 

9 

54 

5 

63 

5 

59 

7 

47 

7 

90 

68 

2 

67 

0 

67 

2 

67 

0 

65 

8 

65 

9 

65 

0 

63 

2 

69 

4 

66 

4 

59 

7 

95 

74 

7 

74 

1 

74 

1 

74 

7 

73 

5 

73 

6 

73 

3 

72 

0 

75 

7 

73 

8 

69 

8 

100 

82 

1 

81 

8 

81 

6 

82 

1 

81 

7 

81 

8 

81 

8 

81 

0 

82 

9 

81 

8 

79 

9 

105 

90 

6 

90 

5 

90 

0 

90 

6 

90 

3 

90 

4 

90 

3 

89 

8 

90 

9 

90 

5 

89 

6 

110 3 

100 

0 

100 

0 

100 

0 

100 

0 

100 

0 

100 

0 

100 

0 

100 

0 

100 

0 

100 

0 

100 

0 


DISCUSSION OF RESULTS 

As far as could be determined, the heat of fusion of acetyl-o-toluidine has 
not been reported. It will be noted by inspection of the solubility curves 
(figure 1) that they all approach the melting point of the solute at approxi¬ 
mately the same slope. Since a solution of the type studied here will be 
nearest to the ideal at high concentrations of the solute, it is reasonable to 
suppose that this slope is approximately the slope of the ideal solution 
curve. The molal heat of fusion was obtained from the slope of c irves 
secured by plotting log N versus 1 JT and by substitution in the usual ideal 
solubility equation, 



where log N is the logarithm to the base 10 of the mole fraction of vhe solute, 
T m is the melting point of the solute, T is the solution temperature of a 
particular system containing an amount of solute to give a mole fraction N, 
and L f is the molal heat of fusion. In this way a large number of values 
were obtained ranging between 5500 and 5900 Calories. The average of all 
values gives 5700 calories for the molal heat of fusion of acetyl-o-toluidine. 
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Using this value for the molal heat of fusion, the ideal solubility curve 
for acetyl-o-toluidine was calculated by solving for T for each 10 mole per 
cent from 10 to 100. 

Figure 1 is a plot of part of the data of table 2. Since the curves for the 
alcohols are grouped so close together, only three are shown. The ideal 
curve is also shown. Figure 2 shows the curves for the alcohols on an 
enlarged scale over part of their range. 



Fig. 1. Solubility Curves for Acetyl-o-toluidine in Various Solvents 


Except for methyl alcohol, the solubility curves for the alcohols and 
acetyl-e-toluidine form a very narrow band. This band is approximately 
coincident with the ideal curve above 60 mole per cent and shows increas¬ 
ing divergence below this point. Arrangement of the alcohols in descending 
order as to solvent power gives: methyl, propyl, ethyl, isobutyl, isopropyl. 
It is interesting to note that, of the alcohols studied, except methyl, 
propyl has the greafest solvent power, and isopropyl the least, while butyl 
had next to the greatest solvent power, and isobutyl next to the least. 
Evidently branching the carbon chain of the alcohol has a greater effect on 



SOLUBILITY OF ACETYL-O-TOLUIDINE 


1093 


the amount of acetyl-o-toluidine which it will dissolve than does the addi¬ 
tion of an atom of carbon to the end of the chain. There is no evident 
relationship between the melting points of the alcohols and the rate at 
which the curves break or their relative positions on the sheet. 

The curve for acetyl-o-toluidine and acetone is in the narrow band formed 
by the alcohol curves, being midway between the ethyl and isobutyl curves. 
This curve is very near to the ideal curve above 50 mole per cent. The 
dielectric constant of acetone is about of the same order as that of the 
alcohols and this may indicate that there is some relationship between the 
polarity and the solubility. 



Fuj. 2. Solubility Curves for Auetv l-o-tolijidine in Several Alcohols 

The acetyl-o-toluidine was much more soluble in chloroform than in any 
other solvent studied. It is soluble to the extent of 23 mole per cent at 
25°C. The curve is of the same general shape as the alcohol curves, but 
at low concentrations of solute it shows greater divergence from the ideal 
curve and the divergence is in the opposite direction. Its dielectric con¬ 
stant is not of the same order as that of the alcohols, being much lower. 

The curve for carbon tetrachloride is rather unusual. It is almost exactly 
a straight line from 10 to 100 mole per cent of the solute. It is in this 
respect very different from the alcohols, acetone, and chloroform. 

Acetyl-o-toluidine was less soluble in ether than in any other solvent 
studied except water. This curve, while nearly straight, shows slight 
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reverse curvature at about 30 mole per cent. It breaks rather gradually 
below 15 mole per cent and crosses the carbon tetrachloride curve at 3 mole 
per cent and the benzene curve at about 1.5 mole per cent. 

Acetyl-o-toluidine in water gives the phenomena of two liquid phases 
over a very wide range. It forms two liquid layers at about one-half 
mole per cent of solute and up to a concentration which has thus far not 
been determined exactly. No attempt was made to determine the critical 
solution temperature. The temperature of this triple point is near 79.6°C. 

SUMMARY 

The synthetic method has been used to determine the solubility of acetyl- 
o-toluidine in methyl alcohol, ethyl alcohol, n-propyl alcohol, isopropyl 
alcohol, n-butyl alcohol, isobutyl alcohol, acetone, chloroform, carbon 
tetrachloride, benzene, diethyl ether, and water. 

The heat of fusion of acetyl-o-toluidine has been determined, and an ideal 
solution curve calculated and plotted. 
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STUDIES ON ADSORPTION 


The Relation of Water Held by Charcoal at Zero Pressure 
to the Ash Content 

L. J. BURRAGE 
King'6 College , London , England 

Received May 5, 1983 

In the past it has been generally accepted that the quantity of water 
adsorbed at zero pressure is dependent on the ash content. In the view of 
the author this is incorrect unless the ash should prove to be definitely 
hygroscopic. This probably only occurs to a very slight extent even with 
phosphoric acid activated charcoals, for the charcoal has been activated at 
a high temperature and most of the hygroscopic salts would therefore fuse, 
thereby losing this property to a large extent. 

As a result of a number of experiments carried out recently, the author 
is in a position to suggest a more probable theory to account for the varying 
amounts of water which are held at zero pressure. 

experimental 

The charcoals used in the present series which have been previously 
described are given in table 1. The remainder of the twenty-five charcoals 
are fully described in table 2. 

Samples of these charcoals which had been previously employed in a 
study of the effect of activation on the isothermal and its relation to water 
hysteresis (1), were ashed by the following method, which was devised to 
prevent any loss of ash due to sublimation. The apparatus is shown in 
figure 1 and consisted of a silica U-tube A, fitted with two ground glass 
connections, B and U, which were closed by taps. 

The general procedure was as follows: The charcoal under examination 
was heated for 1J hours in an air oven at 150°C., this temperature being 
the most suitable for removing the greater part of the adsorbed water 
without altering the nature of the charcoal surface, and about 2 g. of it was 
packed into the apparatus, which had been previously cleaned and weighed. 
The cups D and E were then filled with Everett's wax and the whole re¬ 
weighed. The charcoal was finally dried by passing dry air at 150°C. 
through the apparatus at 400 cc. per minute. It was then cooled and 
weighed. The ashing was carried out in the following manner. The U 
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TABLE 1 

Charcoals used in this series and described previously 


CHARCOAL REFERENCE 

A. J. Phys. Chem. 32, 441 (1928) 

B. J. Phys. Chem. 32, 441 (1928) 

C. J. Phys. Chem. 32, 441 (1928) 

D 1. Proe. Roy. Soc. London 130, 610 (1931) 

C. J. Soc. Chem. Ind. 47, 372 T (1928) 

L. J. Phys. Chem. 34, 2202 (1930) 

Ml. . J. Phys. Chem. 34, 2202 (1930) 

M2. J. Phys. Chem. 34, 2202 (1930) 

M3. J. Phys. Chem. 34, 2202 (1930) 

M 4. J. Phys. Chem. 34, 2202 (1930) 
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TABLE 2 

Other charcoals used in this study 


charcoal 

APPARENT 

STARTING MATERIAL 

ACTIVATING AGENT 


DENSITY 



El . 

0.349 

Coal 

Steam 

FI . 

0.534 

Coconut shell 

Steam 

K 1 . 

0.311 

Peat 

Phosphoric acid 

LI. 

0.445 

Beechwood 

Steam 

M 6 . 

0 404 



M 6. 

0.392 

> Palm nut shell 

Steam 

M A. 

0.427 

Brazil nut shell 

Steam 

MB. 

0.60 

Coconut shell 

Steam 

N 1 . 

0.416 

Almond shell 

Zinc chloride 

P. 

0.329 

Peat 

Zinc chloride 

Q . 

0.294 

Peat 

Zinc chloride 

R. 

0.379 

Peat 

Steam 

s. 

0.250 

Soft wood 

Air" 

T. 

0 338 

Peat 

Zinc chloride 


I 

I 


B D J Charcoal 



I 


I 

Asbestos 

Fia. 1 
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portion was heated to a bright red heat, the rest of the apparatus being 
protected by an asbestos pad. Dry air was passed through the limb B at 
20 cc. per minute, the exit tube C being cooled with a jet of ice-cold water. 

TABLE 3 






i 

0) 

(2) 

A 





jur ci tit 

3 98 

pi r i rnt 

3 92 

N 





0 67 

0 61 

Q 





1 lv> 

1 65 


TABLE 4 




W K Th.ll KT 

(AKHON 

(HAKtOAI j 

UK ( bNl ASH 

/» HO 

TETltAl HI OllIDU 



PREH8I l\F 

\r 0 01 MM 




PKFSSUHE 



mtlhgrn ms 

milligrams 



pir gram 

per gram 

A 

3 95 

15 4 

93 0 

B 

4 03 

2 0 

57 0 

C 

2 72 

17 5 

145 9 

D 1 

1 81 

2 7 

116 4 

El 

20 5 

2 1 

61 0 

F 1 

3 70 

9 0 

134 1 

G 

7 07 

2 5 

121 9 

K 1 

27 3 

27 1 

57 5 

L 

9 27 

18 1 

149 7 

L 1 

6 22 

23 8 

137 0 

M 1 

1 17 

5 0 

4 0 

M 2 

1 17 

26 1 

111 6 

M3 

1 17 

32 9 

152 0 

M 4 

1 17 

19 1 

143 1 

M 5 

1 17 

19 3 

129 6 

M 6 

1 17 

12 2 

125 2 

M A 

6 79 

10 1 

96 6 

M B 

1 43 

1 0 

125 0 

N 

0 64 

12 7 

71 4 

N 1 

0 83 

36 3 

75 3 

P 

3 59 

2 0 

128 5 

Q 

1 65 

10 2 

41 9 

R 

13 1 

31 2 

122 7 

s 

3 80 

25 2 

54 3 

T 

2 30 

25 1 

46 0 


The ashing was continued until constant weight was attained, the degree of 
reproducibility of these results being shown by the duplicate experiments 
(see table 3). 
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The results of the ash determinations are expressed in table 4, together 
with the quantities of water held at zero pressure and of carbon tetra¬ 
chloride at 0.01 mm., which 1 tUe? i< ^ ilt s wore obtained by employing an 
air-stream method, in order tint much ( might be retained on the 
charcoal surface as possible. In piewous work it has been shown that 
there is excellent agreement between the air stream and vacuum tech¬ 
niques. In this case zero pressure is assumed when there is no loss in 
weight by passing dry air at 400 cc. per minute for 6 hours. As the water 
isothermal below 1 mm. is almost parallel to the pressure axis, it follows 
that the weight figure obtained corresponds to that of zero pressure within 
experimental error. 

DISCUSSION 

An examination shows that there is no great variation in the qualitative 
analysis of the ash of the various charcoals, except in cases where there has 
been chemical activation or a briquetting agent employed, hence it would 
appear that there is not sufficient variation in the composition of the ash 
to account for the various amounts of water which are chemically held. 

Again reference to table 4 shows no obvious connection between the ash 
and the water held at zero pressure. In the series M 1 to M 6, which 
represents increasing stages of activation, the ash content is constant 
within experimental error, whereas the quantity of water varies between 5 
mg. per gram and 32.9 mg. per gram. Therefore 1 mg. of ash retains 2, 
3,1.5,1.5, and 1 mg. of water in the cases of M 2, M 3, M 4, M 5, and M 6, 
respectively. Again N 1 has 36 3 mg. per gram of water tightly held 
but only 0.83 per cent ash, which would involve 1 mg. ash adsorbing approx¬ 
imately 4.5 mg. of water, sorption of this order being unknown by any sub¬ 
stance. In the case of N, 1 mg. of ash adsorbs 2 mg. of water at zero pres¬ 
sure. A sugar charcoal, J, has been found to have 5.4 mg. per gram of water 
retained at zero pressure (2), although the ash content was 0.1 per cent. 
This water cannot be retained by the ash, as this would involve 1 mg. 
of ash adsorbing 5 mg. of water. 

Further data have been obtained from the series of measurements on the 
sorption of water vapor by activated charcoal carried out by Allmand and 
his coworkers (3). In two experiments carried out with charcoal B, the 
quantities of water held at zero pressure were 4 mg. per gram by the static 
and 12 mg. per gram by the air-stream method, the temperature of evacua¬ 
tion, 270°C., being the same in both cases. A comparison of data for char¬ 
coals A and C can best be made in tabular form (see table 5), the general 
trend of which results would be the same if experiments had been carried 
out at neighboring temperatures. 

This is interesting since the ash is 3.95 per cent for A and 2.72 per cent 
for C, yet the quantities of water fall in the same order under similar con- 
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ditions. It is impossible to imagine that the same percentage of ash is 
removed in each charcoal under the same conditions of experiment, which 
would follow if the water depended on the ash content. 

From data such as these it is obvious that the ash content cannot 
account for the quantity of water held at zero pressure. It has already 
been shown (4) that water is adsorbed both by the active centers and in a 
quasi chemical form by the C x O y which is always present to a greater or 
lesser extent on the charcoal surface, the amount depending on the type of 
charcoal and the treatment to which it has been subjected. This water is 
held at zero pressure and can only be removed if the C x O y complex is 
broken up. Again the greater the number of active centers on the charcoal 
surface the greater will be the amount of water held by the free valencies of 
the exposed carbon atoms, i.e., the greater will be the amount of water 


TABLE 5 

Comparison of data for charcoals A and C 



TEMPERATURE 



METHOD 

OK 

CHARCOAI \ 

CHARCOAL C 


EVACUATION 




degrees C 

milligrams 

milligrams 

Nitrogen stream 


pt r gram 

per gram 

800 

44 

40 

Nett dynamic* 

— 

15 

18 

Nitrogen stream 

270 

13 

14 

Static | 

800 

270 

8 

4 

10 

6 

NaOH extracted 

800 

3 

2 

Oil stream j 

2/0 


10 

800 


23 


* Unpublished work by the author. 


tightly held. As a result of a new theory of activation of charcoal (5) it is 
possible to predict how the water content at zero pressure should alter 
during the course of a sorption experiment. If a large amount of C x O y is 
present at the commencement a large quantity of water will be sorbed at 
zero pressure. Some of the more loosely held C x O y is slowly removed by 
the water, thereby causing the quantity of sorbed vapor to drop somewhat. 
As the C x O y is removed from the active points more water will be adsorbed 
at zero pressure. Hence one would expect a large amount of water to be 
adsorbed at zero pressure at first, then less, and finally an increased amount 
again during the course of the experiment. If the bulk of the water is held 
by the active centers the figures for the amount of water held at zero pres¬ 
sure should bear the same ratio to the carbon tetrachloride figures at 0.01 
mm. in each case, since carbon tetrachloride is firmly held at this pressure 
at room temperature. This was not found to be the case, although the 
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M 1 to M 6 series shows a definite rise and fall both for water and carbon 
tetrachloride (table 4). As the result of further work on the sorption of 
vapor by unactivated charcoal (4) this is an inevitable result, since water 
can be adsorbed at any active center, on the C x O y sponge or at any other 
point on the charcoal surface, whereas carbon tetrachloride, being a typical 
non-polar vapor, can only be adsorbed at the active centers. The pres¬ 
ence of C x O y , which, as has already been stated, is always present to a 
greater or lesser extent, increases the amount of water sorbed but decreases 
the quantity of carbon tetrachloride, owing to a poisoning effect. This 


TABLE 6 


CHAKCOAL 

APPARFN1 

DENSITY 

SAT Q AT 115 

MM 

WATFR AT 
ZERO 
PRESSURE 



milligrams 

milligrams 



per gram 

per gram 

M 1 

0 620 

12 

5 

M2 

0 584 1 

376 

26 

M3 

0 478 

682 

33 

M 4 

0 477 

729 

19 

M 5 

0 404 

892 

19 

M 6 

0 392 

920 

12 


TABLE 7 

Comparison of coconut charcoals 


CHARfOAI 

APPARENT 

DENSITY 

CARRON 
TETRAtHI ORIDE 
Q AT 115 MM 

WAIER AT 
ZERO 
PRE88L RE 



milligrams 

milligrams 



per gram 

per gram 

M B 

0 60 

307 

1 0 

D 1 

0 575 

301 

2 7 

FI. 

0 534 

424 

9 0 

C 

0 490 

647 

17 5 


latter state is shown very markedly when an isothermal on charcoal A, 
after evacuation at 110°C. (6), is compared with a similar isothermal 
after evacuation at 800°C. (7). At low pressures the quantity in the 
latter case is almost twice that of the former, owing entirely to the 
removal of C x O y from the active centers. 

In some unpublished work it has been found possible to arrange the char¬ 
coals according to the degree of activation, which is the order in which the 
carbon tetrachloride saturation values fall at 115 mm. at 25°C., the highest 
figure corresponding to the greatest activation. The data for the series 
M 1 to M 6 are given in table 6. 
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This series forms the best for comparison because the startmg material 
is exactly the same in each case, the degree of activation alone being altered 
All samples before activation should have more or less the same C x O y con¬ 
tent As the latter proceeds, the amount of water held by the active 
centers will increase, hence the water content at zero pressure should be 
strictly comparable with the degree of activation, giving a fall followed by 
arise 

Finally as the charcoal becomes overactivated the quantity of water will 
fall 

In table 7 comparison is made between coconut charcoals obtained from 
different sources In this case also the agreement is good. One cannot 
compare data for the briquetted charcoals, which includes all the peat char¬ 
coals, as well as L, and L 1, smce the degree of compression of the material 
alters as well as the degree of activation 

SUMMARY 

A number of ash determinations have been carried out on different 
charcoals, and a comparison made with the amounts of water held at zero 
pressure 

An examination of other available data has been made 
A theory has been advanced to account for this variation m the quantity 
of tightly held water, in which it has been suggested that the ash plays no 
part in the retention of the water at zero pressure, but that the latter is 
held m a quasi chemical manner by the active centers and C x O y complex. 
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The ternary system Na^OSiCVNaF has been shown to be of funda¬ 
mental importance in the composition of porcelain (vitreous) enamels. 
Two of the binary systems contained in the above ternary system have been 
published, namely, sodium oxide-silica (1) and sodium metasilicate- 
sodium fluoride (2). This paper describes the study of the system sodium 
disilicate-sodium fluoride. This is of particular interest to enamelists in 
view of the suggested use of sodium silicates as a raw material (3), espe¬ 
cially since the disilicate contains a high per cent of silica (66.0 per cent) 
and has a low melting point (874°C.). 

The preliminary study (2) of this system showed that difficulties would be 
encountered owing to the very small heat arrests and the sluggishness of 
the disilicate in attaining equilibrium. However, by using a special re¬ 
cording potentiometer and supplementing this continuous record with 
differential readings taken at least every 30 seconds, the breaks could be 
readily detected. In this way we were able to obtain the data without using 
the tedious and somewhat less accurate quenching methods. 

EXPERIMENTAL PROCEDURE 

Cheynicals 

Some of the silica was obtained from large clear quartz crystals. The 
foreign matter was scraped off and the crystals boiled in aqua regia. After 
being thoroughly washed they were placed in a large platinum dish, heated, 
then suddenly chilled by a stream of cold distilled water. This shattering 
process was continued until the pieces became small. They were then 
ground to a powder in an agate mortar. 

The other pure silica was from commercial powdered quartz. After a 
water wash to remove any lint it was boiled three times with hydrochloric 
acid and twice with aqua regia, followed by a thorough water washing. 

1 Holder of the Cushman Fellowship for Fundamental Research in Vitreous 

Enamels, 1930-1931. 

3 Holder of the Cushman Fellowship, 1931-1934. 
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Both of these samples were then dried in an electric oven at 120°C. On 
treatment with hydrofluoric acid they gave, respectively, 0.03 and 0.04 per 
cent residue. 

The sodium oxide content was obtained by using c.p. sodium carbonate 
monohydrate, which by conversion to the sulfate was shown to be 99.90 
per cent pure. 

Merck’s c.p. sodium fluoride was recrystallized twice from water, dried 
in platinum in an electric oven, and by conversion to the sulfate was found 
to be 99.00 per cent sodium fluoride. This sample contained 0.80 per cent 
water. 

The sodium disilicate was made by fusing the calculated amounts of 
sodium carbonate monohydrate and silica in covered platinum crucibles, 
in a small electric furnace. Since the high viscosity of the disilicate pre¬ 
vented it from being poured, the outside of the crucible was chilled with a 
stream of cold water. This caused the melt to crack enough so that it could 
be removed. The material was then ground to a powder in an agate 
mortar This was re-fused and re-powdered until it became homogeneous. 


Apparatus 

The furnace (2) was a vertical resistance furnace, having two windings, 
an inner one of platinum -20 per cent rhodium alloy wire and the outer of 
Chromel resistance wire. 110 volts a e. was used on both coils, the current 
being controlled by two water-cooled rheostats. 

The thermocouple was a standard platinum and platinum-10 per cent 
rhodium couple. A differential junction surrounded by a platinum-covered 
nickel “neutral body” of approximately the same heat capacity as the plat¬ 
inum crucible and melt was suspended about 6 cm. above the melting point 
junction. The melting point crucible was a heavy cylindrical, platinum 
crucible, 5 cm. high and 1.6 cm. in diameter. The thermocouples and sup¬ 
ports for holding the crucible were in a single unit which could be raised 
and removed from the furnace. 

The heating curves were obtained with a specially designed Leeds and 
Northrup “Micromax” recording potentiometer. This recorder balances 
every second and has a paper speed of sixteen inches an hour. The tem¬ 
perature can be read to ± 0.5°C. from 500°C. to 1200°C. 

The differential temperature readings were made with a “student type” 
potentiometer and a “wall type” galvanometer. At every reading of the 
differential temperature a mark was made on the recorder paper by means 
of an electrically controlled pen. In this way the differential curve could 
readily be plotted on the recorder sheet. 



SYSTEM SODIUM DISILICATE-SODIUM FLUORIDE 


1105 


Preparation and melting points of mixtures 

The various mixtures were prepared by weighing out theoretical amounts 
of the disilicate and sodium fluoride, mixing thoroughly, fusing slowly in a 
small electric furnace, then chilling rapidly, as mentioned previously. 
After being ground to a powder each was re-fused and again powdered in 
order to obtain a homogeneous mixture. 

To obtain a melting point, this powder was introduced into the crucible, 
the thermocouple inserted, and the entire unit placed in the furnace. It 
was rapidly heated to above the melting point of the mixture, and allowed 
to cool slowly, so that crystallization could take place. The furnace was 
then heated again, this time slowly, and both the melt and the differential 
temperatures were recorded. After the melting point was reached the fur¬ 
nace was again cooled slowly. Only heating curves were taken, as the mix¬ 
ture always undercooled before crystallizing. In every case at least three 
checks were obtained on both the solidus and liquidus points. 

It is difficult to obtain sharp breaks by the usual method of thermal 
analysis in the sodium disilicate region. However, by carefully controlling 
the rate of heating of the furnace and taking a continuous melting point 
record and simultaneously taking the differential readings, the breaks in the 
heating curve could be easily detected and duplicated. The thermo¬ 
couple was checked before and after every melting point. The standards 
used were sodium chloride (800.4°C.) (4) and sodium metasilicate (1089°C.) 
( 1 ). 

In a number of cases the melts, after being used for a melting point 
determination, were powdered and weighed; definite quantities of either the 
disilicate or sodium fluoride were then added. The melting points of such 
mixtures were identical with those of the mixtures of like composition pre¬ 
pared by mixing only the disilicate and sodium fluoride. This indicates 
that the melt does not change in composition on being fused. 

RESULTS 

The data obtained are given in table 1 and plotted in figure 1. The sys¬ 
tem is a simple V eutectic type, no compounds being formed. The eutectic 
composition is 39.5 ±0.1 mole per cent of sodium fluoride and the eutectic 
temperature is 797°C. ± 1 °C. 

The melting point of the disilicate was found to be 874°C., agreeing with 
the value obtained by Kracek (1). 

The solidus disilicate relations have been shown by Kracek (1) to be 
very complex. At present the solidus relations for the system sodium 
disilicate-sodium fluoride below the eutectic temperature have not been 
studied sufficiently to enable one to draw any definite conclusions. 
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TABLE 1 


The system sodium distlicate-sodium fluoride 



MOLE PER CENT 

weipht per tent 

TEMPERATURES 

POINT NO 

SODIUM FLUORIDE 

SODIUM ILUOHIDE 

Liquidus 

Solidus 

1 

0 00 

0 00 

decrees C 

874 

degrees C 

2 

10 00 

2 50 

861 

799 

3 

20 00 

5 45 

850 

796 

4 

32 52 

10 00 

825 

797 

5 

39 50 

13 09 

797 

797 

6 

42 10 

14 36 

817 

799 

7 

47 04 

17 00 

870 

798 

8 

53 00 

20 64 

915 

799 

9 

59 11 

25 00 

946 

796 

10 

70 00 

34 98 

973 

797 

11 

81 14 

49 80 

985 

802 

12 

90 97 

69 91 

988 

793 

13 

96 06 

84 90 

991 

798 

14 

100 00 

100 00 

995 




Fig 1 The System Sodium Disilicate-Sodium Fluoride 




SYSTEM SODIUM DISILICATE-SODIUM FLUORIDE 


1107 


SUMMARY 

The system, sodium disilicate-sodium fluoride, is a one eutectic type 
and the eutectic occurs at a composition 39.5 ±0.1 mole per cent of sodium 
fluoride and at a temperature of 797°C. ± 1.0°C. 
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During the course of studies on salt-urea systems Dr. C. W. Whittaker 
(1) of this laboratory prepared a well-crystallized material which upon 
analysis proved to be a urea “coordination’’ compound of calcium sulfate. 
Preliminary optical examination showed that the crystals have an unusually 
high birefringence, approaching that of urea itself. This predicated a 
sufficiently interesting underlying crystal structure to warrant a thorough 
study. Considerable importance, moreover, attaches to this compound 
as one possibly formed in some fertilizer mixtures. 

Crystal structure determinations of a number of hydrates and ammoni- 
ates have shown the essential validity of Werner’s coordination theory as 
applied to polar, but uncharged, groups. No attempt, however, has yet 
been made to find the structure of a coordination compound containing urea, 
ethylene diamine, or pyridine, etc. This hesitancy has been well based on 
the knowledge that these large molecules might place insuperable barriers 
in the way of the analyst and leave him with nothing more than a space 
group determination for his efforts. 

The analysis of urea coordination compounds holds some hope when the 
importance of the inherently high anisotropy of the urea molecule is fully 
realized. In the case of CaS0 4 ■ 4CO(NH 2 ) 2 the optical properties proved to 
be an unerring guide through the complexities of an unusually complex tri¬ 
clinic crystal. The structure found is perhaps sufficiently accurate to serve 
as the basis of a future more elaborate analysis. It holds some additional 
interest in being the first triclinic ionic compound to have yielded its es¬ 
sential crystal structure. 

CRYSTALLOGRAPHIC AND OPTICAL PROPERTIES 

In general the crystals were elongated prisms (0.5 x 0.5 x 1 mm.) showing 
predominant development of the p faces, figure 1, with only the forms a, b, 
c, p t) and pi present. Two crystals with the x faces developed were meas¬ 
ured on the optical goniometer. The results together with the calculated 
crystallographic constant are given in table 1. 

A small fraction of the crystals were found to be twinned on (001). One 
specimen was measured on the universal stage under the microscope. The 
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spherical projection of the twin axis was obtained from the point of inter¬ 
section of the three great circles connecting in order the projections of the 
principal directions of the optical ellipsoids of the two crystals. The twin 



Fig. 1. A Typical Crystal of CaS0 4 -4C0(NH 2 ) 2 


TABLE 1 

Gomomitric measurements 


FORM 


p 

*p 

1IMITS OF OBSERVATIONS 

FACES 

MEAS¬ 

URED 

P 

v 

100 

a 

90°1' 

93°12' 

90°0' to 90°2' 

93°12'to 92°56' 

4 

110 

Pi 

90°2' 

47 °3' 

90 °0' to 90°2' 

47°2' to 47°4' 

„ 4 

010 

b 

90°r 

00°0' 

90 °0' to 90°2' 

359°50' to 0°10' 

4 

IlO 

V a 

90 °0' 

136°10' 

90 °0' to 90°0' 

136°7' to 136°10' 

4 

001 

c 

2°9' 

9°58' 

2°4' to 2°14' 

9°56' to 9°60' 

2 

101 

X 

41°30' 

90°39' 

41°28' to 41°32' 

90°35'to 90°43' 

2 


v * 93°9' M = 89°45' X = 87°53' 

a = 92°6' 0 = 90°22' 7 = 86°50' 

po : qo : ro =* 0 8796 : 0.8658 . 1 
a : b : c = 0 9836 : 1 : 0.8645 

Clear signals were obtained only from forms p x and p 2 These uere accordingly 
given infinite weight in calculating v and po'/qo. The value of a is particularly 
sensitive to p for 001 and therefore is likely to be considerably in error. 

Forms observed a, (100), b (010), c (001), p x (110), p 2 (IlO), x , (101), (ill), (111), 
(111), (111), (101). 

Cleavage absent. 

The face development indicates that the crystals are holohedral. 

» 

axis was found to be either the b axis or the normal to the b face A second 
specimen, giving moderately bright signals from the p faces, was measured 
on the optical goniometer. The results, which are summarized in table 2, 
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show that the twin axis is the crystallographic b axis and that the composi¬ 
tion plane is (001). A number of crystals apparently twinned in other 
manners were examined on the universal stage and in every instance were 
shown to be either parallel growths or unrelated crystals closely adhering to 
one another. 

The indices of refraction measured under the microscope by the immer¬ 
sion method for Na D light are at 25°C. : 

a - 1.523, 0 - 1.583, y - 1.615 

The experimental error does not exceed dt0.002. The crystals are optically 
negative with 2V, calculated, 70.0°. 

TABLE 2 


Gonwmclric measurements on a twinned crystal mounted on (001) 

The V scale has been inverted to agree with the previous crystallographic description 


FORM 


I p 

i 

* 

PACKS 

Crystal No. 1 

T10 


90°2' to90°4' 

136°9' to 136°10' 

2 

010 

6 

90 °0' to 90°4' 

359°45' to 359°46' 

2 

110 

Pi 

90°4' to 90°6' 

47°1' to 47°7' 

2 

100 

a 

90°4' to 90°0' 

92°40' to 92°57' 

2 

Crystal No. 2 

110 

Pi 

88°55' to 89°00' 

315°20 to 315°22' 

2 

010 

b 

87°57' to 88 °3' 

358°53'to 359°13' 

2 

110 

Vi 

88°14' to 88°16' 

46°16' to 46°19' 

2 

100 

a 

89°40' to 90°22' 

93°9' to 93°13' 

2 


The measurements on p of the two members of the same form are reduced to com¬ 
parable values. Signals, not very clear, were obtained only from forms p. 


The orientation of the optical ellipsoid was determined by measurements 
on the universal stage. The crystals were mounted in an ethylene glycol- 
phthalic anhydride plastic between hemispheres with n D = 1.557 The 
average results, uncorrected for differences in refractive indices, obtained 
from a number of crystals are summarized in figure 2. The irregular lines 
indicate the magnitude of the observational errors. The observed value of 
2V is 70°, agreeing with the value calculated from the indices of refraction. 

X-ray diffraction data 

Rotating crystal and Weissenberg photographs were made with the crys¬ 
tallographic axes as axes of rotation. Copper K radiation was used 
throughout with a camera radius of 5.01 cm. 
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The lattice dimensions were calculated from the layer line separations. 
The angles between the axes of the reciprocal lattice and the values of pu, 
q Q) and r 0 were determined from the equatorial zone Weissenberg photo¬ 
graphs. The linear elements calculated from these measured quantities 
are listed in table 3. The values obtained from the x-ray diffraction and 
optical goniometric data agree very closely save in the case of a, in which 
instance the goniometric value is suspect. 



A Obtuse Bisectrix X Poles of Facrs 


O Acute Bisectrix 

Fig. 2. Stereographic Projection Showing the Optic Orientation of 
CaS04-4C0(NH 2 )2 as Determined on the Universal Stage 
The projection of the c axis is at the center of the figure 

Weissenberg photographs were made from four of the layer lines. In 
these cases the slit was rotated making sin f} = sin n (2) so that the axis of 
rotation would lie on the reflection sphere. The absence of symmetry 
around the central image confirmed the triclinic character of the crystals. 

The intensities of some of the observed reflections are summarized in 
tables 4 to 9. A most striking characteristic of these data is that many types 
of planes are either absent or are represented by only a few of the possible reflec¬ 
tions. The observations can be divided into two classes (<r denotes odd; e, 
even): 
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Strictly absent 

(oOO), (OoO) 
(<reO), (e<rO) 
(0 <rl), (<r0/) 
(earl), (<rel) 


Approximately 

absent 

(00 <r) 

(ffffO) 

(0k<r), (h0<r) 
(eea), (<rae) 


The data from Weissenberg photographs of the third and fourth layer 
lines are summarized in tables 7 and 8. It can be seen that reflections are 


TABLE 3 


Summary of (rysfallographic cotistants 



WEISSENBERG 

K-RAY 

GONIOMETER 

OPTICAL 

«u] from layer 

14 74 


b 0 \ line 

14 95 


Co) separation 

6 47 


y* ■ 

93°18' 

93 °9' 

a*. 

88°36' 

87°53' 

0*... 

89°42' 

89°45' 

ct . . 

91°26' 

92°8' 

0 

90 "22' 

90°22' 

y . 

86°42' 

86°50' 

Po 

0 4395 

0 8796 

<!* 

0 4326 

0 8658 

To 

1 

1 

a 

0 9859 

0.9836 

b . 

1 

1 

c . . 

0 4327 

0 8645 

Density (observed) 

1 8006 


Density (calculated) 

1 820 



TABLE 4 

Weissenberg photographic data from CaSOr4CO(NHi)2 
Equatorial zone, a, axis of rotation. All planes with k odd are strictly absent; the 
only reflections from planes w ith l odd are listed in table 9 



0A2 

0A4 

OAG 

0A2 

0 ki 

OAb 

00/ 

V 8.* 

V.W . 

V.W . 

V.S. 

V.W. 

V.W. 

02/ 

S. 

a. 

W\ 

'? 

V.W. 

m.w. 

04/ 

m.s 

m.s. 

m.w. 

m s. 

m. 

m.w. 

06/ 

w . 

m.w\ 

w. 

m.w’. 

w. 

m.w. 

08/ 

m. 

m. 

V.W. 

m. 

m. 

w. 

0 10./ 

m 

w. 

a. 

m. 

m.w. 


0 12./ 

m.w. 

m. 


m.w r . 

m.w. 


0 14./ 

m w. 

m.w r . 


V.W. 



0 16/ 

VI . 

w r . 


W. 




* The following abbreviations are used: v.s., very strong; s., strong; m.s., medium 
strong; m., medium; m.w., medium weak; w., weak; v.w., very weak. 
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present only from (<r<r<r), (eeo), and {acre). Weissenberg photographs were 
made from the second layer lines with c and with b as the axes of rotation. 
Complete indices were not assigned in these cases, since positive and nega¬ 
tive values were not differentiated, but it could be seen that planes (<r2l), 

TABLE 5 

Weissenberg photographic data from CaS 04 * 4 C 0 (NH 2)2 
Equatorial zone, 6, axis of rotation. All planes with h odd are absent; the only 
reflections from planes with l odd are listed in table 9 



AO 2 

A04 

A06 

1 

i 

AOi 

AOS 

20 1 

m.s. 

m. 

V.W. 

s. 

a. 

V.W'. 

40 1 

m. 

m. 

m.w' 

m. 

m. 

W'. 

60 1 

m.w. 

in.w'. 

m. 

w. 

in. 

v.w. 

m 

m.s. 

m. 

m.w. 

w. 

m.w. 

w. 

10.0.Z 

m.s. 

v.w. 

a. 

m.w. 

a. 


12.0.Z 

w. 

w. 


m.w\ 

w. 


14.0./ 

w. 



m.w. 



16.0./ 

m. 







TABLE 6 

Weissenberg photographic data from CaS 04 - 4 C 0 (NH 2 )2 
Equatorial zone, c, axis of rotation. All planes with h or k odd are absent save the 
few' h and k odd listed in table 9 



0A0 

2A0 

44:0 

64:0 

84*0 

10.4.0 

12.4.0 

14.4.0 

*00 


V.S. 

S. 

a. 

m.s. 

V.W'. 

V.W'. 

m.w. 

A20 

V.S. 

m. 

m. 

a. 

W'. 




A40 

m.s. 

V.S. 

m.s. 

m. 

a. 




A60 

w. 

w. 

m.s. 

v.w. 

a. 




h 80 

s. 

a. 

m. 

m. 

m. 




A.10.0 

w. 

a. 

a. 

v.w. 

m. 

m. 



A.12.0 

w. 

v.w. 

m.w. 

m. 

m. 




A.14.0 

a. 

m.w. 

w. 






A.16.0 

m.w. 

w. 







A20 


m. 

v.s. 

w. 

a. 

a. 

w. 

m.w. 

A30 


m.s. 

m.s. 

m.s. 

m. 

v.w. 

m. 

w. 

ABO 


a * 

m. 

m.w. 

m.w. 

m. 

m. 


hEO 


m.w. 

a. 

m.w\ 

m. 

m.s. 

V.W'. 


A10.0 


a - 

w. 

V.W'. 

w. 

w\ 

W'. 


A.12.0 

i 

a. 

m.w. 

m.w. 

m.w. 





(6<r2), and (<re2) were strictly absent and ( e2a), (a<r2) approximately so. 
Laue photographs were made with the incident beam (W general radiation, 
26,000 V peak) parallel and at slight angles to the b axis. Reflections in 
the first order (nX = 0.48 to 0.96 A.U.) were obtained only from (<r<r<r), 
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(<e<r)j and (aae), without particular differentiation in intensities between 
the three classes 

The odd layer lines on the rotating ciystal photographs, while present 
in all cases, are far less prominent than are the even ones Some strong 
reflections are present on the odd layer lines however, particularly for 
values of £ less than 1 2 Some of these characteristics can perhaps be 
seen by an inspection of the typical photograph reproduced as figure 3 

1 \BLT 7 

\\ uwnbuq pholoyr iphu data hum CiSO, 4C()(\H ) 

Tourth 1 tyer lint a i\is of rot ition Vll plinc^ with k odd uc stiutlv ibsent, 
t)u onlv i<-< ti >n from pi iw s w ith / odd uc listed in t ibk 0 



4/ 

4/4 

4/2 

4/4 

4/ 1 

4/4 

40/ 

m 

III \\ 

III s 

Ill 

Ill 

Ill w 

4 21 

v w 

\\ 

N\ 

111 \s 

111 s 

\ IN 

44/ 

s 

w 

s 

Ill w 

s 

\\ 

46/ 

m s 

1 

\\ 

1 

Ill W 

\ w 

4 S / 

w 


Ill \N 

l 

111 w 

111 w 

4 10 / 

i 


1 


1 

\N 

4 12 / 

111 w 


Ill w 


w 



iVBLh S 

H ei^tnhnq photoquiphu data I tout C iS() 4 *400(MI ) 
third la\< r lino a \\is of rotation Ml pi ines with k (vcn no stricth absent 


no i 

m i 

111 \ \N 


>11 \ s 

111 s 

no v w 

HO i 

111 \ w 

111 i 

111 l 

111 a. 

TA) w 

1 r>o nn 

1 )1 \ \N 

1)1 i 

1)1 Ill 

15T \s 

170 v v w 

170 v \n 

I 171 1 \N 

171 w 


171 i 

?90 u 

100 i 

101 III \N 

101 NN 



3 11 0 i 



> 11 1 l 



3 11 0 a 

112 \N 


112 N\ 

111 W 

111 i 

5 n 0 « 

112 m s 

1 12 \N 

112 in 

l3l \ \N 

111 \N 


r >2 i 

>52 in w 

i 

151 NN 



172 i 

172 i 

1 




102 i 



114 w 

315 w 

1 

1 11 2 w 






Although un imbiguous index issignmc nts c m only be made foi Weissen- 
berg and Laue photogiaphs it can nexeitheless be seen that none of the 
ieflections of greatei th in medium intensity on the odd layei lines with a 
and b as axes of rotation had close to the s uiie v tlues of £ as ieflections on 
the two adjacent layei lines Since the \ dues of the angles, «, 0, and y aie 
very close to 90° it follows that the planes gi\ ing ieflections on the odd layei 
lines in general ha\e diffeient values of h and /, oi of k and l than those 
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present on the even layer lines. This then would be compatible with the 
presence chiefly of planes (aae) and (vacr), as borne out by the Weissenberg 
photographs of the layer lines. The subduing of the odd layer lines with c 
as the axis of rotation can be explained in the same manner 

The density calculated on the basis of the unit of structure containing 
four CaSO* 4CO(NH 2 ) 2 ls 1 820. This value agrees with that determined 
by the centrifugal suspension method, 1.8006. The 1 per cent discrepancy 
arises chiefly from errors in the values of the fundamental lattice constants. 

The space group is either PI, or Pi. The face development and the char¬ 
acter of the signals indicate that the crystals belong to the holohedral 



I'K* KorArivo Crystal Phoiih,ka i»iis 
Copper K radiation; a axis of lotation 

division of the triclinic system. The derived structure, although isomor- 
plious with Pi, does not depend upon the assumption of holohedry. 

THE STRUCTURAL AND OPTICAL PROPERTIES OF CALCIUM SULFATE 

AND UREA 

The crystal structure of anhydrite, CaS() 4 (3), is known with sufficient 
accuracy to show that eigh+ oxygen ions of sulfate groups are in the first 
coordination sphere around each calcium ion. In gypsum (4) as de 
scribed at the present time, each calcium ion is surrounded by four oxygen 
ions of sulfate groups and two water molecules of closest approach In 
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calcium oxide and in the various silicates containing calcium the coordina¬ 
tion number for oxygen ions has been found to be six, seven, or eight. 

The most trustworthy value for the Ca++ to 0 distance for a coordi¬ 
nation number of 6 is 2.40 A.U., as found for calcium oxide. For coordina¬ 
tions of 4 to 8 this value would be expected to be between 2.25 and 2.55 
(5). The values observed in the various calcium silicates are close to 2.40, 
usually between 2.35 and 2.55. The sulfur to oxygen distance has not yet 
been determined in a sulfate. It is quite safe to assume, however, that it is 
the same as the phosphorus to oxygen distance in KH2PO4 (6), namely, 1.56 
A.U., and that the oxygen ions are at the corners of regular tetrahedrons 
surrounding the sulfur ions. 

The described structure of gypsum is of questionable accuracy since the 
calcium-oxygen distances are as small as 2.1 A.U. and since the first coordi¬ 
nation sphere around calcium contains but six oxygen atoms, of which only 
four are ions. The structure is perhaps sufficiently accurate to indicate 


t' 

oc! 


Fig. 4. The Interatomic Distances in a Urea Molecule 
The centers of all the atoms are in the same plane. The directions of maximum, 
mean, and minimum polarizations are shown. 

that the water molecules are near the calcium ions, the distances as given 
being 2.40 A.U. Consideration of a number of ammoniates and hydrates 
suggests that such polar groups approach to within about 2.80 A.U. of cal¬ 
cium ions, the limits of this value being very wide 
Inspection of the crystal structure of urea shows that the oxygen ends 
of the molecules are near the NH 2 groups of other molecules. The closest 
intermolecular distances of approach are: O to NH 2 ,3.15 A.U. The prop¬ 
erties of urea indicate that its molecules are polar, the NH 2 groups being 
positive with respect to the oxygen atoms. 

In general the birefringence of sulfates R 2 S0 4 , RS0 4 , or R 2 (S 0 4 )3 is low, 
since a regular tetrahedral grouping of isotropic resonators, such as afforded 
by a S0 4 group, is isotropic. The indices of refraction of anhydrite, CaS0 4 , 
are a = 1.571, 0 = 1.576, 7 = 1.614, with the density, p equal to 2.93. 
In gypsum a = 1.520, 0 = 1.523, and 7 = 1.530 with p = 2.32. The 
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birefringence of calcium sulfate formed by dehydrating gypsum at low 
temperatures is less than 0.015. 

Urea crystallizes in the tetragonal system with a = 0 = 1.484, y = 
1.602, and p = 1.335. The direction of maximum polarization is parallel 
to the twofold axes of the molecules, a and /3 are perpendicular to the 
plane of half the urea molecules and parallel to the planes of the other half. 
The optical properties of a lattice formed by the translation repetition of 




#0, Q 0 Qs 


Pio. 5. Possible Arrangements of the Ca ,+ Ions and SO, Groups along the c 
Axis of CaSO, 4CO(NH,), 

Rotations about the c axis are not determined. The calcium-oxygen distances 
are (a) 2.43 A.U., (b) 2.64 A.U., and (c) 2 68 A.U. 78 


urea molecules can not satisfactorily be calculated at the present time It 
is sufficient however to indicate, as permitted by elementary considerations, 
that ot ,(i, and y would have the directions shown in figure 4, with 0' some¬ 
what smaller than y' and a' very small compared to 0' or y' 


The crystal structure of CaSO,-4CO(NH 2 ) 2 

The explanation of the many types of absent reflections affords the start¬ 
ing point for the structure determination. The lattice must approach 




CRYSTAL STRUCTURE OF CaS0 4 CO(NH 2 )2 


1119 


very closely to being a face-centered one, particularly in the a and b direc¬ 
tions. Each atom must have approximate translations of 000; OJJ; JOJ; 
££0. The calcium atoms can be placed in these positions without loss in 
generality. 

The regular tetrahedral sulfate groups having sulfur to oxygen distances 
equal to 1.56 A.U. are to be placed within this lattice of calcium ions, in a 
manner such that the Ca ++ to 0— distances are about 2.40 A.U. Fortu¬ 
nately, there are but three ways in which this can be accomplished. These 
are shown in figure 5 The arrangement shown in figure 5a gives intera¬ 
tomic distances in better agreement with expectation than do the other two. 


TABLE 9 

IVeissenberg photographic data from CaS0 4 *4C0(NH 2 )2 
Reflections observed from (eea) and (acre) 


EQUATORIAL ZONE 
ft, AXI8 OF ROTA 1 ION 

EQUATORIAL 70NE 
ft, AXIS OF ROTATION 

EQUATORIAL 70NE 

C, AXIS OF ROIATION 

(021) w. 

(021) m s. 

(20T) w. 

(201) v.w. 


(330) v.w. 

(041) m. 

(031) m. 

(401) m.s. 

(401) m.w. 


(150) w. 

(081) m.w. 

(0 12 1) v.w. 

(601) v.w. 

(10 0 1) v.w. 

(150) w. 

(550) v.w’. 

(0 16 1) m. 

(0 13.1) w. 

i 

(12 0 1) m.w. 

(350) v.w. 

(750) v.w. 


(0 16 1) w 

(003) v.w. 

(14 0 1) v.w. 


(970) v.w. 

(003) v.w . 

(0 18 1) w 

(203) w. 



(390) v.w’. 

(063) m.w. 


(603) m. 

(12 0 3) w. 


(590) v.w. 

(0 16 3) m. 

(0 10 3) v «. 

(12 0 3) w. 


i 

(9 11 0) w 


(0 12 3) in. 



i 


(0 14 5) w 1 







FOURTH I AYER 11NE 
O t AXIS OF ROTATION 


(401) rn s 

(401) m. 


(421) m.s. 

(441) w. 


(441) w. 

(4 10 1) v.w. 


(46T) w. 

(4 12 1) w. 


(441) m.s. 




The arrangement of figure 5b will be used as the basis for later drawings, but 
none of the possibilities must really be considered as excluded. In none of 
the cases do considerations of distances alone fix the group in its rotation 
around the c axis. In no instance can both the symmetry of the point 
group Pi and the complete translations of a face-centered lattice be main¬ 
tained. The arrangements 5b and 5c will, however, preserve the face 
centering in the (i and b directions, and that of the sulfur atoms in the c 
direction. They appear somewhat more reasonable for this reason, as well 
as on account of the arrangements they give oxygen ions around the cal¬ 
cium ions. In any case the calcium ions are equidistant from four oxygen 
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ions of closest approach. Strong electrostatic forces are effective in hold¬ 
ing the lattice together in the c direction only. 

It is somewhat instructive to consider the twinning in crystals of gypsum, 
anhydrite, and CaS0 4 -4C0(NH 2 ) 2 . In general the composition plane of 
a twinned crystal is one across which the electrostatic binding forces are 
great and in which the atoms are brought into approximate juxtaposition 
by rotation about the twin axis. In gypsum and anhydrite the composi¬ 
tion plane and twin plane are the same and contain only sulfate groups or 
calcium ions, (101) of anhydrite and (100) of gypsum, or sulfate groups 



Fig. 6. Arrangement of the Ca ++ and SO*— Ions in the Unit of Structure of 

CaSO*-4CO(NH 2 ) 2 

and calcium ions, (012) of anhydrite. These are all planes across which 
the binding forces are relatively great. The twinned crystals of CaS0 4 • 
4CO(NH 2 ) 2 thus might be expected, as observed, to have (001) as the 
composition plane. 

The birefringence of CaS0 4 *4C0(NH 2 ) 2 , which is almost as great as that 
of urea, is to be explained by the arrangement of the urea molecules in its 
structure. These molecules, moreover, must be placed with their oxygen 
ends near positive charges, calcium ions, and their NH 2 groups near nega¬ 
tive ions, the oxygen atoms of the sulfate groups. The lack of prominent 
cleavage allowed by the calcium sulfate framework is prevented by the urea 
arrangement. The interatomic distances mentioned in the last section 


CRYSTAL STRUCTURE op CaS0 4 • CO(NH 2 )2 1121 

must be satisfied approximately as must also the fundamental face-centered 
translations. 

Since the direction of a does not differ greatly from that of c the planes of 
urea molecules can not deviate widely from being perpendicular to c. 
This would also require the obtuse bisectrix and the optic normal to be in 
(001) with the polarizations along them not greatly different. 

A manner, and apparently the only one, of satisfying these manifold 
requirements is that shown in figures 6 and 7. The undetermined factors 



Ca 

O 0 of Urea 

• S 

O O of Sulfate 

O C of Urea 

® N of Urea 

X Center of 
Symmetry 


Fig. 7. A Projection of One Half the Unit of Structure on (001) 0 
The distances of various atoms above and below the plane are shown. The pro¬ 
jection on (001)1 is obtained by translating the origin of this figure to x =* y — 0. 
The unit of structure can be formed by the combination of the two projections. 


in this approximate structure are (1) the exact positions of the sulfate 
groups and their rotations around the c axis, and (2) the details involved 
in fixing the positions of the urea molecules, chiefly translations. 

The structure is complete enough to show qualitative agreement between 
observed and calculated intensities of reflection for simple planes. The 
various types of absences are accounted for, but of course not in a unique 
manner. The observed intensities and calculated structure factors for 
low order reflections from the pmacoids are: 
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(200) v.s. (020) v.s. A/4 ** Fc a 4- Fg 4* 2.9FoofS04 4- 1.2FoofCO(NH,)i — 1.4Fc — 2.8Fn 

(400) s. (040) m.s. A/4 =* Fca 4- Fg 4- 0.7Fo of SO 4 - 3.2Fo of CO(NHj), 4- 0.4Fc 4- 3.2Fn 

(600) a. (060) w. A/4 - F Ca 4- F s - 3.6F C 4- 0.7F N 

(800) m.s. (080) s. A/4 — Fca 4- Fg 4- 1.6Foof SO 4 4- 1.2Foof CO(NH*)* 4- 2.6Fc — 0.6Fn 

(001) a. A/4 = O 

(002) v.s. A/4 =* Fca 4- Fg 4- 3.9Fo 0 f SO 4 — LOFo of CO(NH*) # 4“ 0.8Fc — 4.0 Fn 

(003) v.w. A/4 - O 

(004) v.w. A/4 » Fca + Fg 4- 3.7Foof S0 4 — 3.6Foof CO(NH»)i — 3.8Fc — 3.4 Fn 

Moreover it is to be noted that the intensities of hkO for h and k less than 8 
are approximately symmetrical and independent of sign, as would be re¬ 
quired by the indicated structure. 

CONCLUSIONS 

The crystallographic and optical constants of triclinic crystals of CaSO* • 
4CO(NH 2 ) 2 have been measured. Analysis of x-ray diffraction data led to 
a partial determination of the crystal structure which is shown in figures 0 
and 7. 

I gratefully acknowledge assistance and advice given by Drs. T Barth 
and G. Tunell of the Geophysical Laboratory, Carnegie Institution of 
Washington. 
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It is well-known that the fluorescein dyes photosensitize the oxidation of 
readily oxidizable substances by molecular oxygen (Gaffron, 1926; Carter, 
1928). Several investigators have shown that peroxide is formed under 
proper conditions when the dyes are irradiated in solutions which do not 
contain readily oxidizable substances (Weigert, 1912; Gaffron, 1926; Blum, 
1930). The nature of the peroxide has not been clearly shown and the 
question as to whether it represents an intermediate step in the oxidative 
process has not been definitely settled. In the following study an attempt 
has been made to determine the nature of the peroxide formed when flu¬ 
orescein dyes are irradiated in aqueous solutions (Weigert, 1912; Blum, 
1930). Four possible sources for the peroxide have been considered: (1) 
impurities present introduced in the preparation of the dye, ( 2 ) the dye it¬ 
self, ( 3 ) breakdown products of the dye, since the dye is bleached concomi¬ 
tantly with the formation of peroxide, (4) water, resulting in the formation 
of hydrogen peroxide. 

EXPERIMENTAL 

The first possibility was tested by preparing fluorescein from very pure 
intermediates, resorcinol and phthalic anhydride, and purifying carefully 
by recrystallization. The fluorescein was dissolved by the addition of an 
equivalent amount of sodium hydroxide, made up to 10 ~ 8 M and irradiated 
in a thin layer with a 200 -watt tungsten filament lamp at a few centimeters 
distance. After irradiation for about twenty hours, such solutions con¬ 
tained up to 10“ 3 N hydrogen peroxide, as determined iodometrically. 
Since the concentration of peroxide formed is of the order of that of the dye, 
it is highly improbable that it should be a peroxide of any impurities present. 

Rate studies 

It was thought that simultaneous studies of the rates of bleaching and 
of peroxide formation should be of value in differentiating between the other 
three possibilities mentioned above. Such studies offer considerable diffi- 

1 This investigation was assisted by a grant from the Board of Research of the 
University of California. 
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culties, since it is necessary to use fairly intense irradiation over consider¬ 
able periods of time in order to obtain measurable quantities of peroxide. 
The method finally adopted was to irradiate successive samples with the 
same source, a given 200-watt tungsten filament lamp, for varying periods, 
analysis for peroxide and determination of the degree of bleaching being 
made for each sample at the end of the irradiation period. Figure 1 is a 
rate curve obtained in this way. The samples consisted of 100 cc. of a 
0.00028 M solution of eosin 2 in distilled water, this concentration being 



7c Erlenm, TTT? “ These sam P les ™ placed in a 1000- 

ZtZ oTZ'f, ? ’ r iDS a %er a PP rox,ma t e ly 1 cm. thick on the 
atove the fit J t t su PP or ^ at a distance of approximately 7 cm. 
above the filament of an ordinary 200-watt Mazda lamp; the distance be 

tween the lamp and the flask was carefully reproduced for each sample, 
ys em was coo ed by a blast of air directed across the bottom of the 

* E ° Sin Y (8 ° dium 8alt of ‘etrabromofluoreseein) from Coleman and Bell. 



PHOTOCHEMISTRY OF FLUORESCEIN DYES 


1125 


flask above the lamp bulb; temperatures were maintained in this way 
between 32°C. and 33°C. after the first half hour of irradiation. The 
scheme has the advantage that the solution is irradiated in a fairly thin 
layer, which is of importance since oxygen is a necessary component of the 
reactions and has a very definite effect on their rate (see Weigert, 1912, and 
below). Provision for shaking to establish uniform distribution of oxygen 
was found impracticable because of frothing of the dye solution. It was 
found difficult to obtain sufficiently intense irradiation for volumes of solu¬ 
tion large enough to provide for the removal of aliquots adequate for analy¬ 
sis, and such a method is subject to the objection that the thickness of the 
layer of solution is altered upon the removal of each aliquot. 

The scheme has the disadvantage that the rates are subject to variations 
in the intensity of emission of the source which definitely varies with the 
age of the lamp, the extent of this variation being different for different 
lamps. Some of our determinations were found to be untrustworthy be¬ 
cause of this, but the curve shown in figure 1, all the points of which were 
obtained with the same lamp, seems to be free from this objection. That 
the intensity of the irradiation did not greatly alter in this case is indicated 
by the accuracy with which certain of the determinations could be dupli¬ 
cated, and that therpoints obtained in random order (indicated in the figure) 
fall on definite curves. Furthermore, the general shape of the dye-con¬ 
centration curve, i.e., having a sharp break downward at about the time 
maximum peroxide concentration is reached, was found to be typical of 
all the curves obtained. The break occurred later with less intense 
irradiation. 

The dye concentrations were determined spectrophotometrically. Al¬ 
though Beer’s law does not hold exactly for the fluorescein dyes (see Prings- 
heim, 1928, p. 226), it was found by determining the absorption of various 
dilutions of eosin at 5200 A. U., approximately the maximum absorption 
of eosin, that the law could be applied safely for the concentrations at which 
our determinations were made. Since some shifting in the absorption 
spectrum of eosin occurs upon irradiation (see Wood), the absorption spec¬ 
tra of a certain number of irradiated samples were determined; these ap¬ 
pear in figure 2. It will be seen from this figure that any shift in the region 
of maximum absorption is not of great importance in these cases, nor do 
the curves appear greatly affected by the presence of colored breakdown 
products. Thus it seems safe to use the absorption at 5200 A U. as an 
index for calculating the concentration of dye in the irradiated samples; 
it is probably more correct to consider the concentrations so obtained as 
maximum dye concentrations, since in the cases of extreme bleaching the 
presence of breakdown products would probably tend to increase the total 
absorption. 

The photo-compound described by Wood (1922) on the basis of absorp- 
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tion spectrum measurements was studied in the case of fluorescein, but does 
not appear to play an important part in the reactions herein discussed. It 
is not formed in the absence of oxygen, but is not a reversible oxidation, 
since there is no return to the original color when reducing substances are 
added, hence it is not a peroxide of tin d\ o U mny represent a first step 
in the oxidative bleaching of the d\ e u^od m our rate deter¬ 

minations because the shift in the absolution spediuni i s h' s s jironounced 
than in the case of fluorescein, and therefore the determinations of concen¬ 
tration should be more accurate. 



Fia. 2. Absorption Spectra of Irradiated 0.00028 M Eosin 
0 non-irradiated dye. Calculations based on absorption of 1 cm. thickness of 
solution. Higher concentrations diluted 1 to 10 for analysis. 

The following method was found satisfactory for the determination of 
peroxide in the small quantities with which we were dealing. Approxi¬ 
mately 2 g. of potassium iodide was placed in a 100-cc. volumetric flask 
with 5 cc. of 6 N hydrochloric acid and about 70 cc. of water. The sample 
to be analyzed, usually about 20 cc., was added by pipette and the mixture 
made up to volume. After standing for 30 minutes, the contents of the 
flask were emptied into a 500-cc. Erlenmeyer flask and titrated with 
0.001 N sodium thiosulfate against starch indicator. The sodium thio¬ 
sulfate was prepared frequently by dilution from a standardized 0.1 N 
solution. The end point is sometimes difficult because of the presence of 
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the dye precipitate formed when the acid is added to the dye solution, 
but the error from this source is not great. The method was checked 
by titration of solutions of known hydrogen peroxide concentration diluted 
to the same approximate concentrations as those of our irradiated dye 
samples, both with and without the addition of non-irradiated dye. The 
error was estimated as within 5 per cent at the lowest peroxide concentra¬ 
tions at which determinations were attempted; at higher concentrations 
it was much less. One source of error is the oxidation of iodide ion by 
atmospheric oxygen, resulting in high values for hydrogen peroxide; this 
is avoided by keeping the solution in the narrow necked volumetric flask 
during the 30 minute period before the titration. 

The rate curves (figure 1) are subject to certain definite criticisms. 
Hydrogen-ion concentration was not controlled, because of the fact that 
electrolytes slow the reaction and hence it was found impracticable to use 
buffers. The oxygen tension was likewise not controlled for the reasons 
mentioned above. Both these factors may have an influence on the shape 
of the rate curves. Nevertheless two facts stand out quite distinctly. 
After a considerable period of irradiation, the concentration of peroxide 
may reach a value considerably greater than that of the dye remaining in 
the solution, e.g.,*in figure 1 beyond 20 hours the concentration of peroxide 
is, mole for mole, at least five times as great as the concentration of dye, 
and thus at least a great part of the peroxide would have to be present 
in some other form than dye peroxide. The increase of peroxide does not 
appear to show any direct relationship to the destruction of the dye, 
indicating that the peroxide is not a compound of breakdown products of 
the dye. 

Behavior of the peroxide 

These facts point toward the fourth of the possibilities outlined above, 
namely, that the peroxide formed upon irradiation of the dyes is hydrogen 
peroxide. Comparison of the behavior of this peroxide with hydrogen 
peroxide was therefore made. 

Separation of the peroxide from the dye. If the peroxide is hydrogen per¬ 
oxide it should be possible to separate it from the dye; it was found possible 
to accomplish this by precipitating the dye as its acid or as an insoluble 
lake by the addition of Ag+. When a strong acid (say 0.1 AT hydrochloric 
acid) is added to a sample of an irradiated fluorescein dye, the dye is pre¬ 
cipitated and can be filtered off. If a filtrate thus prepared was analyzed 
for peroxide, it was found to contain quantitatively the same amount as a 
sample from which the dye had not been separated. When the precipitate 
was redissolved with sodium hydroxide and acidified, no trace of peroxide 
could be detected. 

When silver nitrate is added in excess to an irradiated fluorescein dye 
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solution, the dye is precipitated as an insoluble lake. After centrifuging 
to throw down the lake, removing the Ag+ from the decanted solution by 
the addition of sodium chloride, and filtering, it was found that over 80 
per cent of the peroxide appeared in the filtrate, and no trace in the precipi¬ 
tate. Similarly, when a dye solution to which hydrogen peroxide had been 
added was treated in the same manner, approximately the same percent¬ 
age of peroxide was recovered in the filtrate. Fluorescein, eosin, phloxin, 3 
and erythrosin 4 all gave similar results. 

The chromic acid reaction . This test depends upon the formation of the 
blue perchromic acid, which may be separated from the aqueous solution 
because of its solubility in ether. The test is subject to certain difficulties 
which are discussed by Noyes, Bray, and Spear (reference 6, p. 545). The 
procedure used by us was as follows: 100 cc. of a 0.001 M solution of eosin 
was irradiated for 15 hours, at the end of which time a 20-cc. sample of the 
solution was titrated iodometrically for peroxide, a concentration of approxi¬ 
mately 0.001 N being found. Five cc. of 6 A nitric acid was added to 50 
cc. of this solution. This precipitated the dye, which was filtered off. To 
the acid filtrate in a 125-cc. Erlenmeyer flask was added 5 cc. of pure ether, 
forming a layer a few millimeters thick on the surface of the liquid. Two 
blanks, one consisting of 50 cc. of the unradiated dye solution, and one 
of 50 cc. of this solution plus 5 cc. of 0.01 N hydrogen peroxide, were pre¬ 
pared in the same way. Four cc. of approximately 0.01 N potassium 
chromate was added to each of the above mixtures. The irradiated dye 
and the blank containing hydrogen peroxide showed a distinct decolori- 
zation of the yellow chromate ion, when compared with the blank without 
hydrogen peroxide, with a faint blue color in the ether layer when viewed 
from the side through the total thickness of the layer. The ether layer 
in the blank remained colorless. The intensity of the blue color was com¬ 
parable in the irradiated dye sample and the hydrogen peroxide blank. 
From this test, we may conclude that the irradiated dye solution, so 
treated, contained a concentration of hydrogen peroxide approximately the 
same as that in the blank, namely 0.001 N, which compares favorably with 
the figure for the iodometric titration. 

Rate of reduction by hydrogen iodide. The rate of reduction of our per¬ 
oxide by hydrogen iodide was studied as follows: Titration of five 20-cc. 
samples from 100 cc. of 0.001 M irradiated eosin were made at varying 
intervals after adding 4 cc. of 6 N hydrochloric acid and 4 g. of potassium 
iodide to each sample. The intervals covered a period of 30 minutes and 
provide data for a rate curve for the reduction of the peroxide with hydro¬ 
gen iodide. Sodium thiosulfate (0.001 N) was used for the titration. At 
the end of 30 minutes tie curve had reached a constant value, indicating 
* Dichlorofluorescein. 

4 Tetraiodofluoreseein. 
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a peroxide concentration of approximately 0.001 N. Samples of 0.001 N 
hydrogen peroxide and 0.001 N hydrogen peroxide plus 0.001 M eosin were 
similarly treated. The rate curves for the three solutions were identical 
within the limits of accuracy. Since the rate of reduction of the peroxide 
in the irradiated dye sample is the same as that of hydrogen peroxide, there 
can be little doubt that the peroxide is the same. 

Decomposition by catalase. In all the above tests, except the separation 
of the dye by means of Ag+, it was necessary to acidify the solution in the 
course of the procedure, and it is possible that such treatment might bring 
about the formation of hydrogen peroxide from an existing organic peroxide. 
The decomposition by catalase was studied in the attempt to avoid this 
possibility. Catalase is known to decompose hydrogen peroxide at 
a rapid rate, whereas it does not, so far as has been studied, decompose 
organic peroxides or peroxyacids at a perceptible rate (Stern, 1932). Cata¬ 
lase was prepared from liver according to the method described by Waks- 
man and Davidson (reference 11, p. 253). When 5 cc. of the catalase mix¬ 
ture was added to 25 cc. of irradiated dye solution containing approximately 
10~ 3 N peroxide, the decomposition of the peroxide occurred rapidly at a 
rate comparable with the decomposition of a similar solution of hydrogen 
peroxide. When the catalase was inhibited by adding 5 cc. of 10 per cent 
sodium cyanide to like samples, decomposition of the peroxide did not 
occur, indicating that the above decomposition was due to the catalase 
and not to reduction of hydrogen peroxide by reducing substances which 
might have been present in the catalase mixture. 

The above experiments indicate that hydrogen peroxide is formed, and 
since the quantity bears no direct relation to the quantity of dye or of 
breakdown products, it is reasonable to assume that it is formed from water 
and oxygen. The following energy calculations show that this is possible. 

The principal reaction involved would appear to be: 

2H*0 (1) 4- 0 2 -» 2H 2 0 2 (aq); F 2 os = 50,180 calories; II =* 46,000 calories* (1) 

This gives a thermal equilibrium concentration of hydrogen peroxide of 
about 10“ 18 M (Lewis and Randall, reference 4, pp. 596-7). In agreement 
with this we found that a dye solution showed no measurable peroxide 
formation in the dark over a two week’s period. On the other hand, the 
hydrogen peroxide concentrations of the order of 10“ 3 M formed in the 
light indicate we are dealing with a purely photochemical reaction, and not, 
for example, a thermal chain reaction initiated by light. 

Lacking experimental evidence, no scheme will be offered here for the 
intermediate steps necessary in the above reaction. It is possible that a 

5 The data for the calculation of F and H in this paper were obtained from Lewis 
and Randall (1923). The values of H are taken to the nearest 1000 calories, which is 
sufficient for our purposes. 
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dye peroxide may be ioruied, but if so, it mubt break down very rapidly to 
hydrogen peroxide and dye. 

The value of 46,000 calories for AH is equivalent to a quantum with 
wave length 6195 A.U., 6 and this represents the maximum wave length 
which may bring about this reaction. The absorption spectra of the fluores¬ 
cein dyes in the visible region are included below this wave length. It 
is un derstood that this maximum wave length is only approximate, since 
some molecules will contain ener«\ groatei than I lie mean value and may 
be raised to the necessary level by smaller quanta. 

The reaction: 

2H+ + 0 2 - H 2 0 2 (aq); A F « -31,470 calories (5) 

has a large negative free energy but could not account for the concentration 
of hydrogen peroxide formed in our experiments, since the concentration 
of H + limits the concentration of hydrogen peroxide which can be formed 
to 10“ 14 M. 

The mechanism: 

D + O a « 20 + D; AH - 128,000 calories 7 (6) 

H 2 0 + O = H 2 0 2 

is, likewise, ruled out since reaction 6 would require 128,000 calories, which 
represents a maximum wave length of less than 3000 A.U., to which our 
vessel is opaque. 

Some energy of activation would be required to forward reaction 1, and 
if this were high, the maximum wave length must have a considerably lower 
value. Unfortunately the data for calculating this energy of activation is 
not available; it might be greatly reduced by intermediate steps'. 

The mechanism, of bleaching 

The bleaching which occurs concomitantly with peroxide formation is 
not the reduction of the dye to its leuco base, as is shown by the fact that 
the color does not return when oxidizing agents are added. While this 
bleaching reaction has been treated as a separate reaction above, we have 
obtained evidence that it is dependent upon peroxide formation: (1) In 
the absence of oxygen neither bleaching nor peroxide formation occurs, e.g., 
a solution of 0.000614 M eosin was irradiated for 5 hours in an evacuated 
flask, evacuation being carried sufficiently low to boil off some of the water. 
At the end of the irradiation the volume of solution was found to be 15 per 
cent reduced owing to the evacuation, its concentration being 0.00074 M 
eosin. This agrees within the limits of accuracy with a concentration of 

* See Taylor (reference 9) for calculation. 

7 Value fromMecke (1929). 
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the dye by a reduction of volume of 15 per cent, i.e., 0.00072 Af. (2) When 
a readily oxidizable substance (sodium thiosulfate) is present which may 
react with the peroxide, bleaching is greatly inhibited, e.g., a sample of 0.0006 
M eosin was bleached over 99 per cent during 12 hours irradiation, a sample 
containing the same concentration of dye plus 0.025 N sodium thiosulfate 
was bleached less than 20 per cent during a like period of irradiation. In 
the latter case sodium thiosulfate was oxidized in quantity corresponding 
to 0.005 equivalent per liter, a quantity equivalent to approximately four 
times the peroxide concentration equivalent mole for mole to that of the 
dye originally present. This indicates that the quantity of peroxide formed 
has no direct relal ion to the quantity of dye bleached. These facts indicate 
that the bleaching is not a direct decomposition of the dye molecule following 
the absorption of a quantum of energy, as does also the fact (see figure 1) 
that the rate of bleaching in the absence of oxidizable substance other than 
the dye, is not a straight line function of the number of molecules present. 

As mentioned above, a dye solution remaining in the dark for two weeks 
formed no peroxide; no bleaching had occurred in the same time. A similar 
solution containing 10" 3 N hydrogen peroxide likewise showed no bleaching, 
but a decrease ii\ peroxide concentration comparable to that of a similar 
hydrogen peroxide solution without dye. Similarly, an irradiated dye 
solution shows a slow decrease in peroxide concentration if maintained 
in the dark for some hours after irradiation, but no bleaching of the dye. 
The behavior of the peroxide in the irradiated dye solution is, thus, similar 
to that of hydrogen peroxide, i.e., it does not react with the dye in the 
absence of light. 

On the other hand, hydrogen peroxide rapidly bleaches the dye in strongly 
alkaline solution. This suggested the possibility that the reaction between 
hydrogen peroxide and dye may be activated by light, and it was found that 
dye solution containing hydrogen peroxide bleaches much more rapidly in 
light than does a similar dye solution without hydrogen peroxide, e.g., 
0.0006 M eosin plus 0.005 N hydrogen peroxide bleached 40 per cent in 4 
hours; a similar dye solution without hydrogen peroxide bleached only 15 
per cent in the same time with the same light source. The activation of 
the reaction by hydroxyl ion may be considered as due to the reduction of 
the energy of activation of this reaction; the activation by light as due to 
the supply of the necessary energy of activation by a light quantum ab¬ 
sorbed by the dye molecule. The latter would be more probable than that 
the hydrogen peroxide molecule is activated by light, since hydrogen per¬ 
oxide does not absorb appreciably in the spectral region supplied by our 
light source (Urey et al, 1929). Such a mechanism might readily explain 
the shape of our rate curve (figure 1). The formation of hydrogen per¬ 
oxide and the oxidation of the dye by hydrogen peroxide would both be 
dependent upon the absorbed radiation. The second reaction, being de- 
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pendent upon the first, would proceed much more rapidly as the hydrogen 
peroxide concentration was increased, which would account for the S-shaped 
curve. • Such an explanation would also account for the findings of Wood 
(1922) whose experiments must have been conducted under conditions 
similar to ours, i.e., without control of hydrogen-ion concentration or oxy¬ 
gen tension. Wood found that a solution of fluorescein bleached more 
rapidly when a small portion of it was subjected to concentrated radiation, 
than when the same quantity of radiation was distributed over a larger 
surface. In the first case the break in the into nine would occur earlier 
than in the second. We actually found tliit the break occurred earlier 
with more intense radiation; and if taken it the pioper time, the solution 
subjected to the more intense radiation would show the greater bleaching. 
Wood suggested that his results were due to the fact that each dye mole¬ 
cule must absorb two quanta of energy before the decomposition occurs; 
this assumption is not necessary to explain the facts if the above scheme 
is adopted. 


Inhibition by oxygen 

Weigert (1912) has shown that peroxide formation is inhibited by high 
partial pressures of oxygen. We have found that when the oxygen tension 
is raised from 0.2 atmosphere (air) to one atmosphere, peroxide formation 
and bleaching are both inhibited for a time. The same treatment inhibits 
the oxidation of a readily oxidizable substance (sodium thiosulfate) when 
photosensitized by eosin. The nature of this inhibition is not clear and 
no hypothesis will be offered at the present time. 

SUMMARY 

1. The peroxide formed when fluorescein dyes are irradiated in aqueous 
solution is probably hydrogen peroxide. 

2. It is suggested that the bleaching of the dyes by light is an oxidation 
of the dye by the hydrogen peroxide, this reaction requiring activation of 
the dye molecule by light. 
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INTRODUCTION 

The manufacture of carbon tetrachloride, mainly for use as a grease 
solvent or as a fire extinguisher, is a relatively important industry. In 
1925 the value of the output had reached the million dollar mark. Owing 
to its advantageous properties, the demand for carbon tetrachloride would 
undoubtedly increase if its price could be decreased. A glance at current 
prices shows carbon tetrachloride at about 6 cents per pound in drums 
and chlorine at below 2 cents in tank cars. There would seem to be much 
advantage in the discovery of a process of manufacture of carbon tetra¬ 
chloride superior to the old carbon bisulfide chlorination process now in use. 

The whole field of the chemistry of carbon tetrachloride is very dark, 
and what illuminated spots there are, are quite unattached. As will be 
recalled, the direct synthesis of carbon tetrachloride has not been success¬ 
fully carried through, commercially. Theoretically there seems to be no 
reason why this synthesis does not take place readily. Recently both 
Bodenstein and Stock have been working on this subject, without obtain¬ 
ing results which were satisfactory either commercially or theoretically. 
The present study was instituted to investigate this field further and to 
attempt to help toward the clearing up of the situation. 

The principal problems in our carbon tetrachloride research are the 
difficulty with which carbon tetrachloride forms and the difficulty with 
which its presence can be detected when at a low partial pressure in 
related gases. The difficulty of formation might be explained by steric 
hindrance (1). Practically all of the proposed schemes studied involve 
one reaction step which cannot at present be carried out practically, 
regardless of the free energy change. This is usually, but not always, 
the step in which the carbon tetrachloride is finally produced. Of course, 
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the problem may be merely that of finding the proper catalysts, which 
no one has definitely discovered in spite of many trials. However, it 
also has the appearance of something more complicated, possibly the 
“false equilibrium” which Duhem describes (2) so thoroughly. This 
phenomenon seems to be found so far in the following reactions, proceeding 
from either side, 

C + 2CU - CC1 4 (1) 

2COCL = (COClj), (2) 

2 COCI 2 = C0 2 + CCh (3) 

and probably in 

C 2 C1 6 + Cl* = 2CC1 4 (4) 

Hood’s explanation for the second reaction (3) is that the catalyst was 
poisoned by phosgene, but he did not investigate the phenomenon further. 

Owing to the absence of simple and reliable methods for analysis of 
the small amounts of carbon tetrachloride that might be obtained in its 
formation reactions, the decomposition reactions have been studied much 
more widely, in fact, almost entirely. Arcs, sparks, visible and ultra¬ 
violet light, and heat with various catalysts have been some of the means 
employed. The principal reactions that we will consider are the following; 
they are gas phase or gas-solid interface reactions. 


C + 2 C 1 2 = CCI 4 

C 2 C1 6 + Cl 2 = C 2 C1 4 + 2Ch = 2CC1 4 
2 COCL - C0 2 + CC1 4 

They may all proceed simultaneously, but something has been learned 
about their catalysts and reaction temperatures, so that each hhs been 
studied separately. It is very difficult to study their reaction rates quan¬ 
titatively, and this has not been attempted by anyone as yet. These three 
reactions will be considered under separate headings. 

In the present research pure and dehydrated chemicals were not used, 
as it was desired to study conditions that might be commercially obtained. 
Another item is that stopcocks were never greased, but were well ground 
and practically gas-tight, and the apparatus was run at slightly over 
atmospheric pressure. Any thermodynamic data taken from the literature 
and for which we have not given the source have been obtained from the 
International Critical Tables (4). 

We have been working in what appears to be a very large field. Accord¬ 
ingly* ^ has not been possible to allow to any of the reactions investigated 
a sufficient amount of study to carry it to anything like a logical con¬ 
clusion. However, we plan to continue study of these reactions, par¬ 
ticularly the first and third mentioned above. 
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THE SPECIFIC HEAT OF CARBON TETRACHLORIDE VAPOR 

No instance has been found in the literature of the direct determination 
of the molar specific heat at constant pressure of gaseous carbon tetra¬ 
chloride. Capstick (4) determined the ratio of the specific heats as 1.13 
at 20°C., which, on using Berthelot’s relationship (5) for their difference, 




-c„- 




B 1 + 


27 pTA 

16 p c T*) 


yields for the value of C v , 17.7 calories per mole at 0.1 atmosphere. Apply¬ 
ing the correction for pressure, as will be later outlined, to obtain the value 
at 1 atmosphere, the result is 18.4 calories. Owing to its magnitude with 
respect to R, C p calculated from Capstick’s data is probably inaccurate. 
Furthermore, we have no indication of the slope of the relationship between 
C p and T. Therefore we decided to calculate C p for the vapor at 1 atmos¬ 
phere. For temperatures below the boiling point this condition would 
be merely hypothetical, but the results just as useful. We employed the 
following equation, which can be derived exactly by thermodynamics (6): 




dp 
d T 


+ B 


C is the specific heat of the liquid under its saturated vapor, L is the heat 

of vaporization under saturation conditions, is for the vapor at the 

saturation pressure, and B is a term to convert C p from the saturation 
pressure to 1 atmosphere. The value of B is determined as follows (6): 



( d*F\ f p d*V 

«*):•*- T l ** 


Since there are insufficient actual experimental data, Berthelot’s equation 
of state was assumed to hold closely enough for the calculation of this 
correction term. Several simplifications were necessary to avoid tedious 
computations, involving mainly introduction of the perfect gas law for 
reduction of the smaller terms. The final result is: 


B 


RT(R*T* — ap) + 2 ( 16 ?*^ 


where a and b are the Berthelot constants, which in terms of the critical 
point data are given as 

a = 16/3 p c Vc 2 Tc and b * V J\ 
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The value of C was obtained from Hirn's and from Regnault’s results 
(7), and is expressed by 

C = 30.5 + 0.0209( + 0.000205** 


giving calories per mole in terms of degrees Centigrade. L we obtained 
from the published data. dL/dT we calculated by passing a cubic equa¬ 
tion in T through four selected values of L. By differentiation, 

d L 

— = -59.17 -f 0.3167* - 0.0005187** 


To obtain T(dV/dT) py Berthelot’s equation in the form 

is differentiated, giving as the desired quantity 


/dV\ RT , 108ft 7V „ _ (T 3,245,200\ 
“ V + 128 PcT* ~ \p + T> ) 


This quantity is in liters, for p in atmospheres. Owing to the complexity 
of the p — T relationship as shown by the data of Young (4), dp/dT was 
not obtained directly, but was calculated by the Clapeyron-Clausius 
equation 


dp _ L 0.26794L/7 1 

AT = TOT, — V\) ” 1 _ l 

d\ di 

in atmospheres per degree Centigrade for carbon tetrachloride. The 
figures calculated by this equation agree very well with differences from 
Young’s data. His density data were used. For the point at 20°C. the 
empirical equation, to be discussed later, was employed: 

i _ 0 „,„ 1732 

log Pmm- w 7.8717 — 

Cp was calculated up to 280°C., although it was expected that at the 
higher temperatures it might be unreliable. The critical temperature is 
283 C. The results of the calculations are shown in table 1. The values 
of C p have been plotted in figure 1. The straight line curve which we 
have drawn through the points appears to us to be the most probable locus 
of the true values. Its equation is: 


C P - 14.0 + 0.02337 
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Certainly the accuracy cannot be high, owing mainly to uncertainties 
in dL/dT, C, and (dV/dT) p , particularly at the two or three temperatures, 
but the graph is a useful indication, and is probably not in error by more 

TABLE 1 


Calculation of C p of carbon letrachlondeig) at 1 atmosphere 


t 

dp/d T 


-L/T 

dL/dT 

r(AV\ dp 

\at) v dr 

C 

B 


degrees 

atmospheres 

liters 

calories 

calories 

calories 

calories 

calories 

calories 

C 

per degree 

C 


per 

degree C 

per 

degree C 

per 

degree C 

per 

degree C 

per 

degree C 

per 

degree C 

20 

0 00557 

196 6 

—26 52 

-11 07 

26 70 

30 97 

0 68 

20 8 

80 

0 03301 

28 38 

-20 12 

-12 17 

22 72 

33 46 

-0 04 

23 9 

120 

0 0734 

11 97 

-16 53 

-15 01 

21 35 

35 92 

-0 71 

25 0 

160 

0 1360 

6 30 

-13 53 

-19 46 

20 80 

39 06 

-1 64 

25 2 

200 

0 2255 

3 89 

-10 64 

-25 60 

21 30 

42 83 

-2 86 

25 0 

240 

0 351 

2 64 

-6 69 

-33 42 

22 50 

47 30 

-4 33 

25 4 

280 

0 530 

1 92 

-2 91 

-42 85 

24 70 

53 05 

-6 34 

25 6 



O Capstick « experimental. 
O fink and Bon ill a 

-calculated 



O’ SO• /OO’ /50° 200• 2S0• 300 

Centigrade 


Fia. 1 C p of Carbon Tftr\chloride Vapor at 1 Atmosphere 

than 2 calories between 0°C. and 300°C. From the graph we find C p , 298 = 
20.9. 

If it is desired to fit an equation more closely to the calculated points, 
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the following one may be used, which, plotted, gives the curve in figure 1, 
probably preferable for extrapolating: 

C p - 21.6 + 0.0073T - 1.4 X 10” T~ 10 

THERMODYNAMIC DATA FOR THE SUBSTANCES INVOLVED 
C (graphite): 

C P * - 1.652 + 0.016767 1 - 0.000017277’ 2 4 0.0*9947’ 8 - 0.0“2637\ 

Cp, 298 = 2.05 calories per mole degree. 
aS 2 »8 " 1.3 calories per mole degree. 

Cp =* 6.4 — 26,500/7’ 3/a (approximate, Fink and Bonilla). 

Cl.(g): 

Cp = 7.4 4* 0.0017’; C P . 298 = 7.7. 

St 98 = 26.62 calories per atom degree. 

CC1 4 : 

AH 2M (g) — —25,430 calories per mole. 

AH,98(g) * -25,430 + 5(20.9 - 15.4 - 2.05) - - 25,410. 

S 29 8 (1) - 49.06. 

AS,98(1) of CC1 4 - 49.06 - 4 X 26.62 - 1.3 - - 58.72. 

AH ,98 (vaporization) = 7,700; p 2 98 = 114.7 inm. 

AH,98(1) = -25,410 - 7,700 - -33,110. 

AF°, 8 (1) - -33,110 4- 298 X 58.72 - -15,610. 

AF° m to = —15,610 — H7 T (ln 114.7 — In 760) = —14,490 calories per mole at 
1 atmosphere. 

Cp « 14.0 + 0.0233T; Cp i298 = 20.9. 

COCl 2 : 

AH 29 «(g) - -51,920; AF° 29h (k) = -48,960 (8). 
p ,98 = 1500 mm. 

AFl 98 (1) - -48,960 - RT(in 760 -- In 1500) = -49,370. 

Cp, 299 (g) = 13.3 (by interpolation; see later). 

CO,(g) (9): 

A II = -94,210 - 0.307’ + 0.0037’ 2 - 0.0*17’ 3 ; AH 298 = -94,280. 

AF « -94,210 + 0.30 T In T - 0.0037’ 2 4 0.0 7 57’ 3 - 0.947 1 . 

af° 29H — 94 , 010 . 

Cp = 7.40 4 - 0 . 0066 7 1 - 0.00000157 1 *. 

SiCl 4 : 

AH 298 (g)-142,650; A//„»(l) = -149,100. 

S 29 8(l) = 56.43; p 298 = 234.5 mm. 

AS ,98 (formation) = 56.43 — 4 X 26.62 - 4.54 = —54.59. 

AF° 98 (1) - - 149,100 4- 298 X 54.59 - 132,800. 

AF°, 8 (g, 1 atmosphere) = -132,800 - RT ln^- 5 = -132,100. 

i ou 

Cp, 298 (g) 20.9 (1 atmosphere; assumed equal to CC 1 4 ). 

SnCl 4 : 

AH,9 8 (g) - -118,300; AH,98(1) - -127,360. 

Sm(l) * 61.84; p 29 8 = 24.02 mm. 

AS 2 9s(l) (formation) « 61.84 - 4 X 26.62 - 12.50 * -57.14. 

A^ 98 (l)-127,360 + 57.14 X 298 - 110,420. 

AF 1 ° #8 (g) - -110,420 -RT In = -108,300. 

Cp,29s(g, 1 atmosphere) * 20.9. 
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A1C1, 

A//m(s) = —107,000, AA/m(g, 1 atmosphere) = —140,620 (10) 

*S' 2 »«(s) = In 26 97 X 35 4565 - } 76 = 37 97 (see later) 

AS 2 „(s) (formation) = 37 97 - 3 X 20 62 - 6 73 = -48 62 

Afm(s)-167,000 + 298 X 48 62 = -152,510 

P 2 ts - 0 00025 mm (10), C p ( s) = bn = 24 (assumed for 298) 

^ 298 (K> 1 atmosphere) - - 152,510 - R 7 In - * —143,660 

S 1 O 2 (quart/) 

Atf 2 98 - -202,000 (4, 11), S 29s = 9 81 (see later) 

AS„h = 9 81 - 4 54 - 2 X 24 52 - -43 77, T, - 10 7 

Af° 98 -202 000 + 298 X 43 77 - -188 960 

SnOj (amorphous) 

A 7/298 = -137,800, AF° 9 « = -123,200 (12), ( „ = H5 

AI 2 O 3 (amorphous) 

Al/iflg = -384,000 (11), Ab° i9i - -356,600, r, = 19 01 
When not otherwise indie ited the source of d ita in this table is the International 
Critical Tables (4) 

No data were found on the specific heat of phosgene gas We will assume that 
the variation of C p (g) along the series methane methyl chloride methylene chlonde- 
chloroform-oarbon tetrachloride should be quite similar to that for the series carbon 
dioxide phosgene carbon tetrachloride, as would be expected to be approximately 
true Since, furthermore, the values of C p 29 s are almost equal for c arbon dioxide 
and for methane, those for phosgene and for methylene chloride should similarly be 
equal C p for the latter compound, however, was not available in the literature, 
and has therefore been obtained bv interpolation, in figure 2 The result is 13 3 

No data were found on S for iluminum chloride or any similar compounds, so 
Latimer’s approximation was used, since aluminum has at 298°C almost reached 
the Dulong and Petit value 

Although suffic lent C P data are available, the entropy of quartz has apparently 
not been calculated This we have done graphically, using the well-known 
relationship 



The graphical integration gives 9 81 as the entiopy of quartz at 298°C 
THL CHLORINATION OF C2CI4 AND OF C^Ole 

One of the reactions of which the reverse is found to occur in several 
of the methods of decomposition of carbon tetrachloride is 

C,C1< + 2Ch = 2CCb 

Lob (13) has shown it to occur in the action of a hot platinum filament on 
carbon tetrachloride vapor The only study of the thermal reaction has 
been that due to Weiser and Wightman (13), also on the decomposition 
of carbon tetrachloride, and very much from a practical point of view. 
Some fairly helpful results can be calculated from their data if the assump- 
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tion is made that they approached the equilibrium, which seems likely. 
However, it must be remembered that this may not be the theoretical 



Fig. 2. C p at 298° K. and I Atmosphere for the Gases Carbon Dioxide, Methane, 
Methyl Chloride, Chloroform, and Carbon Tetrachloride ^ 


TABLE 2 

The reaction 2CCU = C 2 CI 4 + 2 Cb 
(Calculated from Weiser and Wightman) 


t 

(cob- 

rected) 

1 /T 

C 2 C h 

CCh 

a. 

TOTAL 

MOLE8 

TOTAL 

VOLUME 

logioK 

K p 

AF° 

A// 

degrees C . 

750 

0.000980 

molts 

0 219 

moles 

0 581 

moles 

0 442 

1 242 

liters 

104 

-2 91 

0 00122 

13,600 


850 

0.000883 

0 278 

0 451 

0 566 

1 295 

119 

-2 42 

0 00378 

12,400 


900 

0.000855 

0 238 

0 516 

0 493 

1 247 

120 

-2 74 

0 00182 

14,700 

15,000 

1025 

0.000769 

0 278 

0 454 

0 564 

1 296 

138 

-2 51 

0 00310 

14,900 

1125 

0 000714 

0 351 

0 297 

0 572 

1 220 

140 

—2 032 

0 00928 

13,000 



The number of moles given here is that obtained for a constant amount of carbon 
tetrachloride passed through the tube. 


equilibrium; this will be discussed later. Weiser and Wightman’s tem¬ 
peratures are for no gas flow, which we have approximately corrected to 
actual gas temperatures from data supplied by them. A further correction 
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was made: the carbon tetrachloride unaccounted for was portioned up 
between CCU and C2CI4 in ratio of the two vapor pressures, using Duhring’s 
rule, lable 2 shows our calculated results. The values for log K were 
plotted against 1/T in figure 3, and A H* obtained from the slope. The 
only check on these figures is given by Berthelot's incomplete heat of 
combustion data (14) from which we may say that AH of formation of 



will be greater than about —40,000 calories, so that AH for the 
decomposition of two moles of CCU to C 2 CI 4 will be greater than 10,000 
calories, compared with 15,000, the value from table 2. Therefore the 
chlorination of C 2 CI 4 to CCU is thermodynamically quite possible, yet has 
never been accomplished empirically. 

Weiser and Wightman found the gas reaction, 


C*C1 4 + Cl 2 - CjCle 
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to occur, but at a slower rate than the C 2 CI 4 formation between the tem¬ 
perature limits they used. At lower temperatures the velocity does not 
decrease as rapidly as may be expected, and it is appreciable at room 
temperature. Recently (15) the reaction in solution, as affected by light, 
has also been studied. Berthelot’s figures on this reaction (16) are doubt¬ 
less more accurate than his single heats of combustion, since the errors 
will cancel to some extent. His data give —54,000 calories for the heat 
absorbed at room temperature. From these two reactions we obtain the 
rough value of A II, 39,000 for 

C,C1,( K ) + Ch = 2CCl«(g) 

which is therefore endothermic, and favored by a temperature rise. This 
reaction, too, has never been direclly carried out. The reverse action, 
however, has, and as early as 1839 Regnault (17) obtained C 2 C1 8 besides 
other substances in the following sequence with rising temperatures: 
C 2 C1„, C 2 C1 4 , C 2 C1 2 , C«C1«, C. 

Except for carbon tetrachloride, the other carbon chlorides mentioned 
can all be produced consistently by the action of chlorine on carbon in a 
heated tube or in a carbon arc, as our own experiments and those of others 
have shown. Bolton (18), for instance, obtained C 2 C1 8 and C«C1« in an arc. 

From these considerations it is seen that the splitting and chlorination 
of the inter-carbon bond in C 2 C1 4 and in C 2 C1 6 is the operation which 
has not been directly carried out so far. The problem seems to reduce 
itself to finding catalysts for these chlorinations, exothermic and endo¬ 
thermic, respectively, which will not simultaneously assist the decom¬ 
position to carbon and chlorine of the carbon tetrachloride formed. 

Experimental 

In an effort to duplicate Bolton’s results and to determine simultaneously 
whether under any ordinary conditions carbon tetrachloride was produced, 
we constructed a Pyrex reaction chamber containing two axially perforated 
electrodes of carbon. The arc was run under varying conditions of 
length, current, and chlorine flow rate, and the gas was admitted through 
both carbons. Alternating current was used as well as direct. Another 
apparatus was constructed, containing a graphite rod heated electrically 
to the desired temperature in a stream of chlorine. In both of these set¬ 
ups mixtures of solid carbon chlorides, probably C 2 C1« and C 8 C1„, were 
obtained on the walls and in the exit gas water condenser, but no carbon 
tetrachloride was obtained. Soaking the electrodes and rods in solutions 
of metal salts (copper, iron, and nickel) did not seem to make any differ¬ 
ence. In tae analysis for carbon tetrachloride the issuing gases were all 
completely condensed in a test tube by means of liquid air. This test 
tube was then transferred to a beaker containing an ice-salt mixture. 
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The gas boiling off came out through the tube previously used as inlet, 
which was of small bore, about 20 cm. long, and for this last operation 
it was thermally insulated from convection currents by means of a larger 
concentric tube. By regulating the amounts of salt and ice we found 
that the desired rate of heating up could be obtained. With this simplified 
column it was found possible to detect easily about 0.1 cc. of carbon tetra¬ 
chloride in several cubic centimeters of liquid chlorine. 

THE CHLORINATION OF PHOSGENE 

A great deal of work has been done by others on the chlorination of 
metal oxides by chlorine, by phosgene, or by mixtures of carbon monoxide 
and chlorine, and by carbon and chlorine, on a laboratory scale, at least. 
All of the oxides tried have been successfully chlorinated, so that it is 
safe to assume, in general, that any metal chloride can be readily produced 
by means of cheap chlorinating agents. Silicon dioxide is the most refrac¬ 
tory oxide, and when treated with chlorine only, the temperature must 
approximate 1000°C. before appreciable interaction sets in. It is the 
only common oxide or anhydride that cannot be chlorinated by phosgene 
below 600°C. 

Chlorinations can also be readily carried out by means of carbon tetra¬ 
chloride vapor (19, 20), and we felt that some of these latter reactions 
might be reversed under attainable conditions, particularly the reaction 
involving silicon dioxide. Three of these reactions were studied by us, 
experimentally and theoretically. The free energy changes calculated 
for the reactions show why chlorination by carbon tetrachloride is so 
successful. 

Pyrex glass bomb tubes were dried by heating overnight to more than 
600°C. with a slow stream of carbon dioxide dried over magnesium per¬ 
chlorate, Mg(C10 4 ) 2 , passing continually through the bombs. We then 
placed the bombs in an ice-salt freezing mixture and passed in and con¬ 
densed the phosgene and added the metal chloride by means of a special 
funnel to prevent wetting the stem. Otherwise good seals were difficult. 
The bombs were then heated for a day at a time to successively higher 
temperatures. Before raising the temperature each time, the bombs were 
cooled and inspected for the production of any solid oxides. The following 
reactions were studied: 


Reaction I 

2COCl 2 (g) 4- SiCl 4 (g) = 2CCl 4 (g) + Si0 2 

Approximately a dozen bombs were prepared with up to 4 cc. of each 
reactant as a liquid, in a total volume of 12 to 15 cc. Several were exposed 
for days to sunlight, others to a mercury vapor arc, and all were heated to 
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temperatures ranging up to 540°(\ Two withstood this temperature 
and the large pressure involved without bursting. Traces of other chlo¬ 
rides, ferric chloride and aluminum chloride, had been added to two of 
the bombs to test for any catalytic action. In practically none of these 
tubes was there found any silicon dioxide deposited on the walls, or any 
other indication of reaction. Under the mercury arc a rather dense cloud 
always formed which would later disappear in a few hours or a day, even 
with the bomb at below 0°C. Quickly breaking the bomb after an ex¬ 
posure to the arc left only the merest amount of powder after the evapora¬ 
tion of the liquids. No corrosion of the glass by the phosgene was noticed, 
though some investigators (21) have been troubled by such an action on 
other types of glass. 


Reactions II and III 

3COCl a (g) + 2AlCl d (g) = 3CCl<(g) + A1 2 0 3 
2COCh(g) + SnCh(g) - 2CCl 4 (g) 4- SnO* 

Two bombs with aluminum chloride and two with stannic chloride were 
prepared and treated similarly to those with silicon tetrachloride. Alumi¬ 
num chloride was used because of its ready availability and stannic chloride 
because of its similarity to carbon tetrachloride. None of these bombs 
showed the formation of any oxide, which could have formed according 
to the above reactions. Even with C 2 C1 6 as an end product no oxides 
were formed; this reaction should have a greater tendency to occur, as 
we have already indicated. 

Free energy calculations suggest the non-occurrence of the reactions 
to be due to lack of tendency toward the change rather than to lack of a 
catalyst. Calculations for 25°C. give the following results: 

Reaction I (Si0 2 ): A F° = +12,080; A II = -6,370; A C p = +9 6 

Reaction II (A1 2 0 3 ): A F° = +43,000; A H = +3,100; A C p =+7 8 

Reaction III (Sn0 2 ): AF° = +56,100; A// = +33,500; A C p =+5 0 

Because of the magnitude of the free energy change, reactions II and III 
are seen to be hopeless, but reaction I merits a little study. If the three 
chlorine-containing compounds axe in their liquid forms, A F° becomes 
+11,360. The effect of increases in temperature and pressure were 
approximately calculated, assuming A C p to remain constant over the 
range. 


AFT t ~ AFti 1 


- S = - J - T * dT = - C P \nT + A 

[ (Cp In T + A)dT =» (- C V T In T + (1 - 4)7)+’ 

M J r , 
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AF° can be calculated closely enough for our purposes by knowing AH 
and assuming A C p constant down to absolute zero. Knowing now A F° 
at two different temperatures, the value of (1 — A), Lewis and Randall’s 
I, can be calculated and 

AF°, = —7860 - 5 T In T + 95.17’ 

Thus A F° rapidly increases with temperature, decreasing the reaction 
tendency. For a pressure change 

\F Pa = 1F'\ - RT In ^ Cl ‘ 

flCoclt xasiCU 


where, approximately, 


RT In a ~ 

for each substance. There is practically nothing in the literature on the 
gaseous molar volumes (or densities) of the substances involved, so only 
a rough calculation assuming a = p, or, in general, that the activity co¬ 
efficients cancel, can be carried out. For the greatest yield with a given 
total pressure P of phosgene and silicon tetrachloride, the pressure of 
phosgene should be 2P/3, as can be shown by setting 

M = Pcoch *P Sl cv Pcoci, + PsiCh " p 

and making dikf/dpcoch equal to zero. A final pressure of carbon tetra¬ 
chloride of 1 atmosphere will be assumed, which in the bombs would have 
amounted to a deposit of silicon dioxide of about 25 mg. Therefore at a 
given temperature 

AF = RT In Jpiocii 

and at 230°C., just above the critical temperatures of the substances 
involved, Pcoci* amounts to 3700 atmospheres. The pressure actually 
would exceed this value, as can be seen from Dodge’s reduced pressure 
versus compressibility curves (22). For the reaction between the liquids 
rather than the gases, and at 25°C., p is obtained as 740 atmospheres, so 
that if the reaction velocity is appreciable it would not be impossible to 
carry out the reaction under these conditions, but probably not com¬ 
mercially in spite of the small work of compression of the liquids. 

The effect of the ultra-violet light from the mercury vapor arc lamp was 
obviously not merely catalytic, as the reaction reversed on removal of the 
light source, but the light also shifted the equilibrium. This is therefore 
another action that might be utilized. 
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THE DIRECT CHLORINATION OF CARBON 

Our previously mentioned attempts to carry out the direct chlorination 
of carbon by chlorine to form carbon tetrachloride indicated that a cata¬ 
lyst was necessary. The reaction is decidedly exothermic and AF° of 
formation under standard conditions of gaseous carbon tetrachloride at 
25°C. is —14,500. 



After many fruitless attempts to find a catalyst, it was decided to 
attempt to reach equilibrium from the carbon tetrachloride side of the 
reaction: 

C + 2C1 3 = CC1 4 

At this time Bodenstein’s (23) work along this line appeared. His results 
are plotted in figure 4. They show that it is probably necessary to work 
at a temperature not over about 500°C. in order to synthesize carbon 
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tetrachloride. Needless to say, this equilibrium was reached by Boden- 
stein from only one side, and is not very near the thermodynamic or 
calculated equilibrium. The values for the curves, calculated from 
Bodenstein’s data, are given in table 3. The Nernst heat theorem values 
(24) have also been plotted, though they involve the rough “chemical 
constants.” We find by using the simpler relationship for C p ( g) of carbon 
tetrachloride already obtained, and for carbon, the simpler of the ex¬ 
pressions given: 

A H t = Affo + ACj.dr =« 21,160 + 7.2 T - 0.01065T* + 


TABLE 3 

Extent of the reaction CCI 4 — C + 2C1 2 
(Calculated from Bodenstein's results) 


TEMPERATURE 

CARBON 

TETRACHLORIDE 

DECOMPOSITION 

—logioA,, 

CHLORINE FRAC¬ 
TIONAL PRESSURE 

AF® 

degrees C 

298 

per cent 

_ 

_ 

calories per mole 

14490 

417 

* 4 06 

2 18 

0 078 

6900 

462 

10 0 

1 38 

0 182 

4650 

477 

13 9 

1 10 

0 244 

3780 

530 

36 5 

0 20 

0 535 

735 

580 

66 7 

-0 506 

0 800 

-1790 


on substituting the known value of A// 298 . Since AF ° 298 is also known, 
the general free energy expression is obtained: 

qc qnn 

Aff = 21,160 - 16 6 T log T + 0 01065T* + + 8.66T 

These signs of A// and A F are for the decomposition of carbon tetra¬ 
chloride. Values of equilibrium partial pressure of chlorine for 1 atmo¬ 
sphere total pressure were plotted in figure 5. The results of the cal¬ 
culations are shown in table 4. The agreement with the rough heat 
theorem values is seen from the curve to be fairly close. 

Stock (24) has recently succeeded in producing some carbon tetrachloride 
by the action of chlorine on activated charcoal between 400°C. and (HH^C 
at pressures between 1 and 4 atmospheres. His results were not very 
reproducible, but interesting. The maximum pressure of carbon tetra¬ 
chloride that he obtained was at 400°C. and 4.1 atmospheres total pressure, 
and amounted to 0.29 atmosphere, certainly quite sizeable. Assuming 
the gas pressure quotient to hold constant over the pressure range, we can 
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Fig 5 Free Energy Change of the Reaction C + 2C1 2 *— CC1 4 


TABLE 4 

Theoretical extent of the reaction CC1 4 = C -f 2C1 2 


TEMPERATURE 

A F° 

—logioA r 

Kp 

CHLORINE FRAC¬ 
TIONAL PRESSURE 

Absolute 

500 

calories per mole 

7342 

3 20 

0 00063 

0 (5248 

600 

3955 

1 437 

0 0364 

0 1735 

700 

725 

0 226 

0 594 

0 529 

800 

-2426 

0 661 

4 58 

0 846 

900 

-5359 

-1 300 

19 95 

0 954 


TABLE 5 

The reaction C -f 2C1 2 * CC1 4 


(Calculated from Stock’s experiments) 


TEMPERATURE 

TOTAL BOMB 
PRESSURE 

PARTIAL 

chlorine 

PRESSURE 

PARTIAL 

CARBON 

TETRACHLORIDE 

PRESSURE 

PRESSURE 

QUOTIENT 

K p 

PARTIAL CARBON 
TETRACHLORIDE 
PRESSURE AT 1 
ATMOSPHERE 
TOTAL PRESSURE 

degrees C 

400 

atmospheres ' 

2 5 

atmospheres 

2 12 

atmospheres 

0 204 

0 0453 

atmospheres 

0 0416 

500 

1 65 

1 56 

0 088 

0 0365 

0 034 

600 

1 65 

1 58 

0 065 

0 027 

0 0256 
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calculate that the partial pressure of carbon tetrachloride will equal that 
of chlorine at a total pressure of about 40 atmospheres. Stock's maximum 
yields of carbon tetrachloride do seem to indicate a limit of reaction. We 
have made the appropriate calculations from them, and give the results 
in table 5. These values we have also plotted in figure 5 , and the com¬ 
bination of theoretical and experimental curves for the equilibrium is 
strikingly similar to the curves given by Duhem ( 2 ). 

Experimental 

We decided to use the decomposition reaction to find a catalyst for the 
reaction of synthesis, knowing that the same catalyst should theoretically 
catalyze both opposing reactions. An apparatus was set up in which 
carbon tetrachloride vapor was produced by boiling the liquid in a gradu¬ 
ated flask. The vapor passed through a Pyrex combustion tube in an 
electric heater. The tube contained a thermocouple hot junction, and 
in it were placed in different runs the various materials to be tested for 
catalytic effect. The gases next traversed a gas sampling tube maintained 
at about 80°C. to prevent condensation of the carbon tetrachloride, and 
from there.were removed by a water jet suction pump in which the pressure 
was regulated by an air admission valve. A run was ended when the 
conditions of temperature and flow rate had remained constant for about 
30 minutes, which corresponds to a large volume of carbon tetrachloride 
vapor, as the average flow rate was about 2 cc. of liquid carbon tetra¬ 
chloride per minute. An excess of strong potassium iodide solution was 
admitted to the sampling tube, the liquid shaken about, poured out, the 
tube rinsed with alcohol, and solution and rinsings titrated with standard 
sodium thiosulfate solution and starch indicator, for free iodine. The 
partial pressure of chlorine was calculated, knowing the volume of the 
sampling tube (300 cc.) and the temperature at which it had been held. 
The carbon tetrachloride pressure was obtained by difference, for which 
purpose a manometer was connected to the system. 

In order to obtain correct results with the above scheme it is necessary 
that chlorine and carbon should be the only decomposition products of 
the carbon tetrachloride. With some of the substances tested as catalysts 
solid and liquid products such as C 2 C1 6 , C 2 CI 4 , C 6 C1 6 , etc., were produced 
in varying quantities. Many wood charcoals and silicon dioxide were 
among this class of substances. Ordinary granulated animal charcoal 
of 88 per cent ash was the best catalyst for the total decomposition, even 
when present in only small amounts, and no liquid or solid products of 
carbon tetrachloride decomposition ever condensed when the animal 
charcoal was used. Runs were made between 300°C. and 800°C. The 
results have been plotted alongside Bodenstein's curve in figure 4. The 
total time that the carbon tetrachloride vapor remained in the heated 
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portion of the tube we calculate to have been about 2 seconds, excluding 
the adsorption by the charcoal. Furthermore, at this high flow rate it is 
probable that the vapor did not reach the temperature indicated, as the 
charcoal was never packed tightly and the granules were coarse. The 
animal charcoal was therefore a very effective catalyst for this reaction, 
and undoubtedly more active than the charcoal Bodenstein used, though 
it is difficult to determine how much his reaction rates were affected by 
diffusion velocity. When chlorine was passed through the heated tube 
at various temperatures and rates, there was, however, no noticeable 
carbon tetrachloride formation, using the same system of freezing and 
redistilling the outcoming gases as previously described under the C 2 CI 4 
and C 2 C1« reactions. 

Since pressure aids the formation of carbon tetrachloride by direct 
synthesis, according to Le Chatelier’s principle, an iron bomb was prepared 
and filled with a mixture of several brands of active charcoals, including 
the animal charcoal already used. Liquid chlorine was condensed in the 
bomb, which was then closed and heated for 60 hours in a sand bath at 
approximately 170°C. Upon opening, a mixture of solid and liquid 
chlorides of carbon was found, as well as iron and lead chlorides, (the latter 
from the lead gaskets), but no carbon tetrachloride could be detected. 

Thus it is seen that the direct chlorination of carbon by chlorine to form 
carbon tetrachloride is a reaction that is quite particular as to its catalyst. 
Stock seems to have struck a charcoal that serves the purpose, though 
apparently not specially well, but none of the substances we have tested 
seem to have any value along this line, including a very porous graphite 
prepared at 4000°C. 

It is not impossible, of course, to explain by the catalyst poisoning 
theory why these two reactions should not reach the calculated equilibrium. 
It is merely necessary to assume that Bodenstein’s catalyst was poisoned 
by the chlorine which was formed, but not by carbon tetrachloride, whereas 
Stock’s catalyst was affected in exactly the reverse manner. More work 
along this line will undoubtedly clear up the situation, and show whether 
some simple assumption is correct, or whether there are complications 
or an entirely different phenomenon. 

THE REACTION 2C0C1 2 = CCI 4 + C0 2 

From the thermodynamic data already given, we find for the above 
reaction AF° 29 8 = —9580 calories and = —15,870 calories. There¬ 
fore, there is a decreasing tendency for the left-to-right reaction at higher 
temperatures, assuming A C p to remain small. At about 500°C., however, 
the carbon tetrachloride equilibrium pressure ought yet to be appreciable 
and readily determinable, as well as that of carbon dioxide. Stock and 
Wustrow (25) have calculated several points on the theoretical equilibrium 
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curve, by the use of the heat theorem. We have calculated the position 
of the equilibrium over a broader band of temperatures, using the thermo¬ 
dynamic data we give above. We have assumed that phosgene has a 
value of C p which approximates the average of the values for carbon 
dioxide and carbon tetrachloride. Therefore A C v will remain small, and 
will be assumed constant at +3.2, the figure based on our data for 25°C. 
These data yield: 


A F° - —16,824 - 7.375 T log T + 42 5T 

Starting with this equation, the values for A F° f log K } and fractional 
phosgene pressure have been calculated and are given in table 6. 

The formation of phosgene from carbon monoxide and chlorine has been 
thoroughly studied and commercial-sized plants built for its manufacture 
(26). Therefore phosgene could undoubtedly be a practical source of 


TABLE 6 

Calculated equilibrium for the reaction 2 COCI 2 CCL + CO 2 


TEMPERATURE 

Mr 

A F° 

—logioA'p 

PHOSGENE FRAC¬ 
TIONAL PRESSURE 

degrees C 

162 

* \b 80 lute 

0 0023 

calories 

-6784 

-3 41 

0 019 

203 

0 0021 

-5984 

-2 745 

0 041 

267 

0 00185 

-4754 

-1 92 

0 098 

352 

0 0016 

-3144 

-1 10 

0 220 

496 

0 0013 

-494 

-0 140 

0 460 


carbon tetrachloride, or rather, simply an intermediate product, if a suit¬ 
able catalyst were found. Quantitative studies of reactions involving 
phosgene have been made frequently, and for widely varying conditions 
(27, 28). But seldom have other reactions than C()C1 2 = CO + Cl 2 and 
its intermediate steps been investigated, and no carbon tetrachloride has 
apparently ever appeared when its presence was not desired, or expected. 
The formation of carbon tetrachloride from phosgene has been reported 
only by Stock (21, 25), and in very small amounts. The static method 
he used does not lend itself to accurate results, owing to the small volumes 
of carbon tetrachloride produced, although it has an important advantage 
in permitting of long reaction periods. Accordingly, we investigated the 
decomposition of phosgene by the dynamic method. We decided to 
attempt to carry out the reaction at as low temperatures as possible, by 
the use of suitable catalysts if they could be found, to eliminate the multi¬ 
plicity of other reaction products than carbon dioxide and carbon tetra¬ 
chloride, such as carbon monoxide, chlorine, hexachloroethane, etc., which 
complicate the analysis and the interpretation of results. 
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Starting with pure phosgene, the reaction products to be expected at 
the low temperatures at which carbon tetrachloride will not decompose are 
carbon dioxide and carbon tetrachloride in equal concentrations and carbon 
monoxide and chlorine, the formation of which is to be minimized, also in 
equal concentrations. From the methods mentioned by Olsen (29) for 
the determination of phosgene, we found the precipitation with aniline 
most convenient. Chlorine was first removed by means of antimony 
trisulfide, then phosgene and carbon dioxide by a water solution saturated 
with aniline and about half saturated with strontium hydroxide. We 
found that under these conditions phosgene did not hydrolyze and pre¬ 
cipitate any strontium carbonate, to interfere with the carbon dioxide 
determination. Also, the diphenylurea precipitate obtained by the 
action of phosgene on the aniline was not soluble in the strontium hy¬ 
droxide solution, though it docs dissolve in stronger alkaline solutions. 
The carbon monoxide and carbon tetrachloride present in the gas mixture 
were not determined directly. In the apparatus used, phosgene as a gas 
leaver a cylinder through a needle valve. The rate is measured by a 
flowmeter containing sulfuric acid, a correction for pressure being applied, 
for accurate results, from the reading of a special manometer. The phos¬ 
gene then passes through the reaction tube which contains any catalyst 
being tested, and is heated electrically. A three-way cock permits the 
issuing gases to follow a by-pass and be finally exhausted by a water jet 
suction pump. When the conditions have remained constant a sufficient 
time, depending on the flow rate and on the age of the catalyst, the cock 
is turned to permit the gases to enter the absorption train. Liebig bulbs 
contain the antimony trisulfide and a bubble bottle holds the aniline- 
strontium hydroxide solution. By regulating line and air admission cocks 
the pressure in the system can be maintained at slightly above atmos¬ 
pheric. This is to prevent, practically, the entrance of air, which would 
oxidize phosgene to carbon dioxide, besides introducing a small amount 
of carbon dioxide otherwise. Perfectly dry antimony trisulfide, the 
chlorine absorbent, never absorbed any phosgene, nor gave other trouble. 
The aniline-strontium hydroxide solution was kept and handled entirely 
like a standard caustic solution, and never touched the air after being 
prepared. It was kept in a dark bottle to prevent discoloration. In 
preparing the absorption train flask the train was first filled with pure 
nitrogen, then the solution admitted. After a run the solution and pre¬ 
cipitates were blown back by nitrogen through the gas inlet tube and into 
a Gooch crucible fitted with an air-tight stopper. After thorough washing 
with water the crucible was dried to constant weight at 75°C.—24 hours 
in an electric oven was sufficient—and weighed. The diphenylurea was 
then leached out by alcohol in a Soxhlet extractor. The crucible was 
again washed with water and dried at 75°C., the difference in weight being 



REACTIONS OF CARBON TETRACHLORIDE SYNTHESIS 


1155 


taken as diphenylurea. Now the strontium carbonate was leached out 
with dilute hydrochloric acid and the crucible washed and dried as before, 
giving strontium carbonate by difference. The weight of chlorine ab¬ 
sorbed was given directly by the gain in weight of the antimony trisulfide 
tube, as the displaced sulfur remains in the tube. The phosgene used 
contained some carbon monoxide as impurity. No carbon dioxide and 
merely the slightest trace of chlorine were found in it, by a blank run. 
The excess pressure of the cylinder over that of pure phosgene was ap¬ 
proximately 5 per cent at the beginning and decreased as more of the gas 
was used. No hydrogen chloride was found in the phosgene, no test for 
hydrogen sulfide being obtained after passing over antimony trisulfide. 

Experimental 

With this apparatus numerous runs were made at 500°C. with the 
heating tube empty and with different varieties of carbon in it. Animal 
charcoal gave a substantial decomposition to chlorine and carbon monoxide 
and gave no carbon dioxide, so it was not used again. Wood charcoals 
gave little, if any, chlorine, but also practically no carbon dioxide. A very 
adsorbent and highly activated variety of alkaline black ash charcoal was 
used in many runs, both alone, and impregnated with solutions of metal 
salts and then outgassed at a high temperature. Nickel sulfate, copper 
sulfate, cobalt sulfate, ferric sulfate, and chromium sulfate were used. 
All of the runs gave the same result, no carbon dioxide, nor, presumably, 
any carbon tetrachloride. The weights of strontium carbonate obtained 
averaged about 1.0 mg., and decreased as experimental technique im¬ 
proved. These small weights were probably due to slight infiltration of 
air. In these runs very little decomposition of the phosgene to carbon 
monoxide and chlorine occurred, on account of the reaction's sensitivity 
for a catalyst. Flow rates were as small as 2 cc. per minute, and the 
heated volume of the tube about 25 cc. The aniline-strontium hydroxide 
solution was saturated with strontium carbonate, as carbon dioxide-free 
water was not used in its preparation. All washings were, however, with 
distilled and recently boiled water, to minimize the solubility of the 
carbonate. 

For its possible interest, a previously used method of analysis will be 
mentioned, which was perfectly satisfactory for this gas mixture, but is 
not very sensitive. The issuing gases were passed through gas sampling 
tubes until at least ten volumes had passed, and then were treated quickly 
with strong sodium hydroxide solution in a Hempel pipette and gas burette. 
Simultaneously, a volume of nitrogen was admitted, sufficient to retain 
the carbon tetrachloride present in the gaseous state. The remaining 
nitrogen, carbon tetrachloride, and carbon monoxide were passed into 
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another pipette containing some thin paraffin oil saturated with air, and 
the carbon tetrachloride dissolved quantitatively. The carbon monoxide 
is lastly determined as usual by means of cuprous chloride. Thus we have 
determined the volumes of carbon monoxide, of carbon tetrachloride, 
and of the total gas mixture (that of the sampling tube), sufficient data to 
calculate the pressure quotient. Phosgene, obtained by difference, con¬ 
stitutes ordinarily the largest part of the total volume, so that little error 
is introduced in that way. If the gases after the caustic treatment are 
to be retained over a liquid, mercury should be used, as carbon tetrachloride 
vapor assumed at 1 atmosphere and 25°C. is soluble in about eight times 
its volume of water. This method, besides being very rapid, has the ad¬ 
vantage that the carbon tetrachlonde can be directly recovered 
afterward. 


TABLE 7 

Gas absorption by light pa i a (fin oil, at room temperature 


RUN NO 

CONDITION OI AIR 

< ONDI 1 IOV Ot Oil 

INITIAT 

VOLUME 

t INAL 
VOLUME 

CALCU¬ 

LATED 

FINAL 

VOLUME 




cr 

CC 

CC 

1 

Pure, dry 

Saturated with air 

88 0 

88 0 

— 

2 

Pure, dry 

Free of air 

92 15 

92 1 

— 

3 

Saturated with water 

Saturated with air 

64 6 

64 6 

— 

4 

About 50 per cent car¬ 
bon monoxide 

Saturated with air 

24 1 

24 1 

— 

5 

Saturated w ith w ater 
and carbon tetra¬ 
chloride 

Saturated with air 

88 8 

76 0 

75 95 

• 

6 

Saturated w ith w ater 
and carbon tetra¬ 
chloride 

That used in No. 5 

96 9 

82 9 

82 88 


The oil we used was a standard light paraffin lubricating oil of the 
following physical properties: density at 27°C., 0.877; flash point, 196°C. 
(385°F.); fire point, 229°C. (445°F.), both by the Cleveland open cup tester. 
We found that 15 minutes of gas-oil contact time with frequent shaking 
was sufficient for equilibrium. In table 7 are given our tests to establish 
the utility of the method. Run 1 shows that the oil has no appreciable 
vapor pressure at room temperature; runs 2, 3 and 4 that air, water, and 
carbon monoxide are practically insoluble in it; and runs 5 and 6 that 
carbon tetrachloride v^por in small quantities is practically completely 
dissolved from air. Stock has already shown that concentrated potas¬ 
sium hydroxide solution can effectively dissolve phosgene and carbon di¬ 
oxide without hydrolyzing carbon tetrachloride appreciably, nor dissolv¬ 
ing it. 
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THE REACTION C0 2 + CC1 4 = 2 COCI 2 

The reverse reaction of the one just discussed, or the formation of 
phosgene from carbon dioxide and carbon tetrachloride, was next taken 
up, to attempt to reach the equilibrium experimentally from that side, 
and to improve on the few and rather unreproducible data of Stock (21). 

The apparatus we constructed is shown in figure 6. Carbon dioxide 
evaporates in the cylinder A and escapes through a needle valve into the 
system. The flow rate is measured by the oil-filled flowmeter B. The 
manometer C gives the gage pressure within the saturator D, which 
contains carbon tetrachloride and is surrounded by a water bath (F) to 
increase the heat capacity and minimize temperature fluctuations. When 
lower than room temperatures are desired, running water is employed to 
cool the saturator. Its temperature is given by the thermometer E. 
The gases then pass through a bubble bottle containing anhydrous mag¬ 
nesium perchlorate. Next they enter the reaction tube H, which is 



Fi(i. 6. Set-up foii the Formation of Phosgene 

heated by the electric heater J. A fused nitrate bath is contained in the 
iron pot I. The issuing gases fill and traverse the gas sampling tubes 
L and L', and the issuing phosgene is destroyed by a water jet suction 

pump. 

The carbon dioxide practically saturated itself with carbon tetrachloride. 
This can be shown to be true by a brief calculation, knowing a figure for 
evaporation rate of carbon tetrachloride. The variables will be: 

j)' = carbon tetrachloride saturation pressure, in atmospheres. 
p = actual carbon tetrachloride pressure, in atmospheres. 

P = pressure of carbon tetrachloride and carbon dioxide, in at¬ 
mospheres. 

K = rate of evaporation of carbon tetrachloride, in moles per 
second X cm 2 . 

A = Effective liquid area, in cm 2 . 

Q = moles per second carbon dioxide flow. 

(p'_p)/p' = S = fraction of unsaturation. 
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The result is: 


In S = 


- KA(P-p) 
Qp' 


Using K = 6 X 10“ 6 , calculated from available data (30), we get In S = 
— 6.2, or S is 0.2 per cent for our average conditions. As the temperature 
changes, K and p' should vary somewhat similarly, so that this value of 
S should hold over the range of room temperatures. 

The pressure p' was calculated from the relationship 


log p f - 7.R717 - 1732/T 

which we obtained by plotting data for p' of carbon tetrachloride between 
0°C. and 50°C. (4, 30). The best curve through the points plotted as log 
p r against 1/T is this straight line, and the deviations are quite small. 
This equation gives the pressure of the liquid in contact with only the pure 
vapor. Owing to the added carbon dioxide pressure, the change in carbon 
tetrachloride vapor pressure is given by: 

(dp'/d P) T - Vi/vi 

At 30°C. dp'/dP thus amounts to 0.00065, and Dp' is 0.33 per cent of p\ 
This error is in the opposite direction from that previously calculated 
for lack of saturation of the carbon dioxide with carbon tetrachloride, 
and both will be neglected. At the low pressures of 1/6 atmosphere it 
was assumed that carbon tetrachloride vapor obeys the gas laws closely 
enough in these calculations. 

In the apparatus, the Pyrex helix had a heated volume of 75 cc., and 
the bath was a eutectic mixture of sodium nitrate and potassium nitrate. 
This method of heating gives much greater uniformity of temperature 
than is obtained in a tube in an ordinary electric heater. One side of the 
pot we thermally insulated better than the other, so that a gentle convec¬ 
tion current was obtained. The gases were dried by magnesium per¬ 
chlorate to prevent carbon tetrachloride hydrolysis and hydrogen chloride 
formation, which would be included as phosgene in the analytical method 
finally adopted. 

Since the gas mixture after reaction will be entirely composed of carbon 
tetrachloride, carbon dioxide, and phosgene if there is no chlorine present, 
only two data are necessary for the analysis, besides this fact. We de¬ 
cided that greatest accuracy would be attained by using: (a) the ratio 
of moles of phosgene to carbon dioxide in the gases after the reaction, 
and (b) the ratio of moles of carbon tetrachloride to carbon dioxide before 
the reaction, (a) can be determined by the usual analytical methods, 
and (b) from the saturator temperature and pressure. Thus, starting 
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with gas sampling tubes filled with nitrogen it is not necessary to displace 
the foreign gas completely before the correct result can be obtained. 
In the chemical analysis standardized solutions of sodium hydroxide, 
sulfuric acid, and silver nitrate were used. For 50 cc. of the caustic solu¬ 
tion the sulfuric acid titre to the phenolphthalein end point was known. 
After a run, that volume of the caustic was admitted to the sampling tube 
by a pipette, the tube shaken thoroughly, but not long enough to hydrolyze 
carbon tetrachloride, and the solution and rinsings were titrated to the 
same phenolphthalein end point. The decrease in cubic centimeters 
of sulfuric acid solution required, calculated to moles of the acid, is equal 
to 1/2 the number of moles of carbon dioxide absorbed plus 3/2 the number 
of phosgene moles absorbed. The solution was then made to the correct 
acidity and the moles of phosgene absorbed determined by a Mohr's 
titration for chloride. 

The relationship used in determining the pressure quotient from the 
data: 


pccu (CCU (COC1/) 

P - pccu " (CO,) ’ (CO/) 


gives 


K v 


R R- 1 
+ 2 Q 


of which the latter term may be negligible. The unprimed gas concen¬ 
trations are for before the reaction; the primed ones are for the gas 
mixture after reaction. 


Experimental 

Runs were made with this apparatus at 283°, 314°, 344° and 354°C., 
both with and without charcoals of different varieties in the tube. The 
carbon dioxide flow rate was varied between 0.5 and 3.0 cc. per minute. 
Some runs had to continue for as long as ten hours to yield a sufficient 
gas sample. In general, the charcoals showed no action, the reaction 
occurring principally on the Pyrex walls, apparently. We analyzed both 
gas sampling tubes, each time, and the agreement in the value of Q was 
generally good, if the conditions had remained uniform, showing that 
progressive catalyst poisoning was not occurring. New glass and very 
old glass (Pyrex) both seemed to be active catalytically. 

For data by the dynamic method at a lower temperature, a different tube 
was used—the same one that had been utilized in the attempts to convert 
phosgene to carbon tetrachloride. It had seen much service, and had 
crystallized spots, or devitrified, on its inner surface. With otherwise the 
same apparatus, several runs were made at 250 C. 



1160 


COLIN G. FINK AND CHARLES F. BONILLA 


Many of these runs, in both set-ups, gave low phosgene yields, compared 
to the rest. These non-equilibrium results were obtained in a quite 
irregular order, in general, and were not reproducible. In magnitude they 
extended to perhaps five orten times the minimum X(C02 X CCh/CCOCU) 2 ) 
which was, however, fairly reproducible. The runs in which the maximum 
phosgene formation was obtained at a given temperature amounted to 
about one-half the total number, and were relatively fewer at the lower 
temperatures. It was obvious that the condition of the surface was very 
important in determining its catalytic effect. 


TABLE 8 

Experimental results for CO 2 4* CC1< =* 2COCL 


TBMPEKA- 

TURE 

RUN NO 

l/A 

WEIGHTED 

AVERAGE 

1/A 

-flog K 

1 /T 

Q 


degrees C 









354 

1 

331 

1 316 

-2 500 

0 00159s! 

f 

0 0293 

0 

354 

2 

305 

/ 



1 

0 0316 

0 

344 

3 

450 





0 0243 

0 

344 

4 

456 





0 0244 

0 

344 

5 

394 





0 0259 

0 

344 

6 

437 

435 

-2 638 

0 001620< 


0 0236 

0 

344 

7 

437 





0 0232 

0 

344 

8 

411 





0 0135 

0 

344 

9 

432 





0 0120 

0 

344 

10 

451 




w 

0 0121 

0 

314 

11 

1,212 





0 0130 

0 

314 

12 

1,116 

► 1,280 

-3 080 

0 001704< 


0 0137 

0 

314 

13 

1,365 





0 0128 

* 0 

314 

14 

1,313 





0 0131 

! 0 

283 

15 

4,900 

4,900 

-3 690 

0 001799! 

r 

0 00595 

0 

250 

16 

16,600 

) 



1 

0 00388 

0 




> 17,100 

-4 233 

0 ooioir 

V 



250 

17 

17,600 


! 

0 00378 

! 0 

198 

18 

458,000 

) 



r 

0 00073 

0 




1 452,000 

• —5 655 

0 00212oj 




198 

19 

442,000 



1 

0 00074 

0 


R 


303 

310 

277 
284 

278 

252 
244 
0819 
0683 
0721 
214 
214 

229 

230 
175 

253 
255 
244 
242 


For temperatures below 250°C. the dynamic method was dropped, as 
the reaction velocity becomes too slow. Two 2-liter Pyrex flasks were 
thoroughly dried by heating to almost the softening point for an hour and 
at the same time passing in a stream of dried carbon dioxide. At least 
one hundred volumes of carbon dioxide were passed through, insuring the 
removal of air. Then, weighed quantities of carbon tetrachloride in long 
thin tubes closed at the bottom were introduced and the flasks sealed off, 
as quickly as possible. They were placed in a constant temperature 
oven at 198°C. One was removed at the end of 5 days, and the other at 
14 days. The same method for the calculation of K was used as for the 
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dynamic method runs, except that R was calculated from the known 
volume of carbon dioxide and the weight of carbon tetrachloride. Also, 
in determining Q it was unnecessary to analyze for carbon dioxide, so dis¬ 
tilled water was used to decompose the small amount of phosgene formed 
and absorb the hydrogen chloride. Thus it was unnecessary to eliminate 



carbon dioxide before proceeding with the Mohr’s titration j instead, neu¬ 
tralization with calcium hydroxide was required. The two bulbs gave 
almost equal values of K , so that an equilibrium was obtained. 

The results obtained by all of these methods are given in table 8 In all 
of these phosgene formation runs no chlorine was ever noticed, by smell 
or by the iodide—starch test, owing undoubtedly to the fact that no catalyst 
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for its formation was present. So the reaction was not complicated by the 
decomposition of carbon tetrachloride or that of phosgene to carbon 
monoxide and chlorine. Undoubtedly phosgene was formed in every case, 
as it could be detected by its distinctive smell even in the lowest concen¬ 
trations. No hydrogen chloride was ever noticed after a run was well 
started. 

The results have been plotted in figure 7, and approach the theoretical 
curve as the temperature rises. It is noticed that the point at 283°C. 
does not quite fall on the curve with the rest. This was the lowest tem¬ 
perature at which the first heating coil was used, and probably the cor¬ 
responding equilibrium was not reached, owing to diminished speed of 
reaction, that was reached at the higher temperatures. It was practically 
impossible to operate at flow rates small enough to reach equilibrium at 
below 300°C. for this first coil, or at below 250°C. for the old tube. Five- 
tenths of 1 cc. of carbon dioxide per minute was the lowest rate found 
feasible. 

The fact that a different tube, in the case of the point at 250°C. and an 
entirely new method at 198°C., gave points on a smooth curve that is 
almost straight seems to bolster up the possibility that a real metastable or 
false equilibrium is reached in this reaction, which similarly may be true 
for other reactions; C + 2C1 2 = CC1 4 has already been considered, and 
2 COCI 2 = (C0C1 2 )2 has been mentioned. 

The constant volume small bomb results of Stock (21) are naturally not 
of the same degree of accuracy as these based on the dynamic method. 
Stock could only produce a few hundredths of a cubic centimeter of 
phosgene in a bomb. For the production of carbon tetrachloride by the 
reverse of the reaction now being considered he has fairly good checks in 
two runs (31) at 400°C. and two at 500°C. The values of (C0C1 2 ) 2 / 
(C0 2 ) X (CC1 4 ) we obtain from his data are log -1 2.77 at 500°C. and log'" 1 
3.77 at 400°C. These points bear out the false equilibrium theory, but 
were not plotted in figure 7 because the curves now shown would be 
dwarfed. 

We believe that we have really reached an equilibrium. It may be the 
end of a fast reaction, with another slow one occurring simultaneously, 
which will eventually lead the system to the theoretical equilibrium. It 
is not possible at present to tell whether such a slower reaction exists, but 
from our data and those of Bodenstein and of Stock it is apparent that 
such a slower reaction must indeed be slow, compared to the observed one. 
This statement also holds for the other previously mentioned *‘false equilib¬ 
ria.” In table 9 are given data for runs at 344°C. at higher flow rates 
than the minimum ones used. The pressure quotient obtained is plotted 
in figure 8 against the carbon dioxide flowmeter reading, which is prac¬ 
tically proportional to the carbon dioxide mass flow at the low flow rates 
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used. It is seen that extrapolation to zero flow rate along the simple curve 
gives practically the same value for the extent of reaction as that obtained 
at the lowest flow rate that was actually used. In carrying out the extra¬ 
polation it should be remembered that at zero flow rate the curve should 
approach the pressure quotient axis normally. For simplicity we did not 


TABLE 9 

Effect of flow rate variations on the extent oj reaction of C0 2 -f CC1 4 2COCL at 8U°C. 


RUN NO. 

FLOWMETER 

UK 

WEIGHTED 

AVERAGE 

UK 

log K 

Q 

R 

3 to 10 

20 

21 

22 

23 

mm. 

3.4 

22 0 

22 0 

16.5 

16.5 

3,080 

2,840 

1,090 

1,490 

435 
| 2,960 

| 1,200 

-2.638 
-3.472 | 

-3 080 | 

r 

i 

r 

0.024 

0.00885 

0 00920 

0.01446 

0.01259 

0.26 
0.244 ' 
0.244 

0.234 

0.241 



0 SOO tooo /SOO 2000 2500 3000 

!/K 

Fig. 8. Effect of Flow Rate on the Reaction C0 2 + CC1 4 ^ 2C0C1 2 at 344°C. 

apply this slight correction for finite reaction time, owing to its small 
magnitude under the conditions and to the additional amount of data that 
would have been required at the various temperatures. We do not feel 
that these data are sufficiently accurate to merit calculation of the velocity 
constant, etc. 

A careful consideration of the experimental facts seems to point more 
strongly to the existence of a false equilibrium of unknown mechanism 
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than to a simple catalyst poisoning, as advocated by Bancroft (31), for 
false equilibria in bomb reactions. Bancroft does not mention the dy¬ 
namic method. The principle argument for catalytic surface poisoning 
in this reaction is given by the consideration that over a rather broad range 
of gas phase compositions, between the two false equilibrium curves, the 
forward and reverse reaction velocities are equal, or almost equal if a 
slight drift towards the true equilibrium exists. It is hard to conceive 
of this being so unless the two velocities are each zero, or almost so, and the 
simplest explanation for this would be a poisoned catalyst, unable to allow 
either forward or reverse reaction to proceed. 

In support of some other mechanism as causing the false equilibria let 
us consider the possible explanations according to the poisoned catalyst 
theory. False equilibrium might be expected, owing to one of the following 
phenomena: (1) any one or more of the reactants being strongly and 
reversibly adsorbed by the catalytic surface (excluding others); (2) any 
reactant or outside substance being strongly and irreversibly adsorbed, 
forming a compound of very low dissociation pressure, deactivating the 
surface. According to the first possibility the reaction velocity would 
decrease rapidly but smoothly as the pressure of the strongly adsorbed 
substance increased. However, the composition of the gas phase in 
equilibrium with the catalyst could not vary, according to the principles 
of thermodynamics, or, to be more accurate, the equilibrium pressure- 
constant calculated for the gas phase cannot depend on the nature of the 
catalyst surface. Our value of the pressure quotient therefore does not 
depend on the reversible absorption of one of the reactants, assuming 
equilibrium to have been practically reached. Furthermore, if the reaction 
velocity in one direction were decreased by stronger adsorption of the 
product, that in the opposite direction with the same catalyst would be 
increased, and none of the reactions have been found to take place as 
readily as this would indicate. For instance, the same tube that was 
utilized for the reaction C0 2 + CC1 4 = 2C0C1 2 at 250°C. gave no indica¬ 
tion whatsoever of the reverse reaction, as has already been mentioned. 
The second above possible explanation obviously cannot be true in this 
case, in which the extent of reaction was never found to vary consistently 
with the age of the catalyst, or length of the run. 

To supply somewhat of a check on the results, runs 8 to 10 were per¬ 
formed, in which the relative amounts of the gases in the issuing equili¬ 
brium mixture were varied by cooling the carbon tetrachloride evaporator. 
Compared to runs 3 to 7, at the same temperature and flow rate, the equili¬ 
brium phosgene concentration has decreased to about one-half and the 
carbon tetrachloride concentration to about one-fourth of the values for the 
previous runs. The pressure quotient K is seen to remain the same, in 
fact the average K’& for the two groups of runs are so similar that the 
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agreement is partly fortuitous, as can be told from the magnitude of the 
individual deviations. 

A third possible explanation of the results obtained is that one of the 
products, say phosgene, might reversibly combine with the solid catalyst 
to form a solid compound, of appreciable dissociation pressure, that has no 
catalytic properties. There would, from the phase rule, be only one equili¬ 
brium pressure of phosgene at any temperature, if both solid phases were 
present. Therefore it would not be possible to produce the poison phos¬ 
gene, say, at a pressure higher than this pressure for equilibrium with the 
poisoned catalyst, and one would be measuring the dissociation pressure 
of this poisoned catalyst rather than the gas reaction equilibrium. This 
state of affairs would also give the same false equilibrium with the stream¬ 
ing method as with bomb reactions. However, this is probably not the 
explanation in this case, as many factors oppose it. In the first place, 
the same catalyst could not cause each of two opposing reactions to take 
place, separately, even to a slight extent, as Stock has succeeded in doing 
for the forward and reverse reactions of C0 2 + CC1 4 = 2C()C1 2 . In the 
second place, the calculated K would vary as the initial ratio R were 
varied, whereas runs 8 to 10 show no variation. Finally, if such a poisoned 
catalyst compound is formed, a little reasoning will show that a smooth 
curve of flow rate (or time of reaction) against K or fraction decomposed 
would not be obtained; there would be a discontinuity at the flow rate at 
which the time of reaction were just sufficient for the reaction to have pro¬ 
ceeded to the point where the phosgene pressure produced equaled the 
poisoning phosgene pressure. Figure 8 seems to indicate that this is not 
so, although obviously there are not enough points to make the argument 
strong. 


SUMMARY 

We have investigated several little-known reactions by which carbon 
tetrachloride might be commercially produced. With this purpose in 
mind we have coordinated the previous work in this field and carried out 
similar and other experiments of our own. 

We have concluded that a number of these reactions, generally chlorina- 
tions of carbon compounds or of carbon itself, and other related reactions, 
differ inherently in the manner in which they occur, from those between 
carbon and oxygen, sulfur, or even hydrogen. A great deal of further 
work is necessary to clear up the subject. 

A detailed summary follows: 

Theoretical calculations 

1 A series of new thermodynamic data has been calculated from avail¬ 
able data. The results include C p of carbon tetrachloride vapor at 1 at- 
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mosphere from 0°C. to 300°C., £ 2 98 of silicon dioxide (quartz), C p% w 8 of 
phosgene at 1 atmosphere, and AF ° 2 98 of formation of silicon tetrachloride 
(g), stannic chloride (g), aluminum chloride (g), and silicon dioxide 
(quartz). 

2. The equilibrium constant for the reaction 2CCU = C 2 CI 4 + 2C1 2 was 
calculated from experimental data of Weiser and Wightman. 

3. A convenient and accurate method was developed for obtaining the 
equilibrium constant of the reaction, C0 2 + CCI 4 = 2 COCI 2 , involving 
saturating carbon dioxide with carbon tetrachloride at a known tem¬ 
perature and analyzing the equilibrium mixture for (COCI 2 )/(CO 2 ) ratio. 

Experimental work 

4. It was shown theoretically and supported experimentally that it is 
not possible to carry out appreciably the reaction COCl 2 + 2MeCl = 
CCI4 + Me 2 0, where Me is an equivalent of a metal. Ultra-violet light 
was shown to displace the equilibrium, in one case, towards the right. 

5. Ordinary animal charcoal was found to be a good catalyst for the 
reaction CC1 4 = C + 2C1 2 , but experimental confirmation could not be 
obtained of the reverse reaction. 

6. The reaction 2C0C1 2 = C0 2 + CC1 4 was attempted in both directions 
and the reverse reaction quantitatively studied, and indications were 
obtained of the existence of an undetermined factor which prevents the 
reaching of the theoretical equilibrium. 

7. A new method for the volumetric analysis of carbon tetrachloride 
mixed with other gases was developed, tested and found satisfactory. 
Also, a method for the continuous absorption of chlorine, phosgene and 
carbon dioxide and determination of their proportions was devised and 
found satisfactory. 
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In recent years a great deal of attention has been focussed on the study 
of the kinetics of homogeneous gaseous reactions, in particular those of 
thermal decomposition processes. In a considerable number of cases it 
has been found that the rate follows a first order equation which corre¬ 
sponds to a unimolecular mechanism. As a general rule the more complex 
molecules tend to decompose at a unimolecular rate, and the field of organic 
chemistry has proved particularly fruitful in providing examples. Accu¬ 
rate measurements of rates have led to the development of a number of 
theories regarding the mechanism of the activational process, the most 
successful of which have made use of energy supplied at molecular colli¬ 
sions, taking into account the internal degrees of freedom of the molecules 
(1). The decrease in rate when the pressure is lowered, which is charac¬ 
teristic of a number of unimolecular reactions, is a necessary consequence 
of such theories. The radiation hypothesis (2), which ascribed activation 
to the absorption of infra-red radiation by the molecules of the reactant, 
in its general form unfortunately permits of no comprehensive experi¬ 
mental test, largely on account of the difficulties connected with manipu¬ 
lation in the infra-red (3). 

In many of the reactions studied the problem of working out the kinetics 
of the process is complicated by the fact that there may be several ways in 
which the molecule can break up, and the decomposition is not a single 
reaction but involves concurrent and consecutive processes. It is often 
possible, however, either to neglect or to correct approximately for these 
complications, since one reaction may predominate as the rate-determining 
step. This is fairly satisfactory where side reactions involve only a small 
fraction of the reacting substance, and where subsequent processes are 
either too slow or too fast to interfere with the primary rate, but this of 
course cannot always be the case. Where reactions are studied over wide 
ranges of temperature and pressure, the relative effects of the various 
processes involved may vary considerably, and this may invalidate con¬ 
clusions of a theoretical nature which are based on the assumption of a 
single reaction mechanism. 
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It is therefore of considerable importance that deviations from simple 
uni- or bi-molecularity be investigated with regard to the possibility of 
complicating reactions, and the kinetics of the various processes be worked 
out where possible. One such case has been studied by Clusius and 
Hinshelwood (4), in the catalytic decomposition of diethyl ether. 

The present article deals with a study of the decomposition of methyl 
ethyl ether, in which case marked deviations from a simple unimolecular 
course have been observed. This decomposition has been studied by Glass 
and Hinshelwood (5), who noted approximate unimolecularity but state 
that “the reaction is far from being an ideal example of a unimolecular 
change.” The results here reported disagree in some respects with those 
of these two authors, our rates being uniformly lower. We have noted, 
however, a marked catalytic effect produced by the presence of small 
quantities of alkyl iodide such as may be introduced into the ether during 
its preparation. The second article of this series will deal with this phase 
of the work. 


EXPERIMENTAL 

The course of the decomposition process was followed by observing the 
pressure increase when samples of the gas were maintained at constant 
temperatures and volume in a Pyrex glass reaction tube. 

Apparatus 

The experimental arrangements are shown diagrammatically in figure 1. 
Vessels A, B, and C constitute a train for the preparation and purification 
of the ether, and D is a storage flask of 1-liter capacity provided with the 
manometer M 2 . Several reaction chambers, E, were used, these being of 
Pyrex with about 125-cc. capacity. Connection with the storage flask was 
provided at stopcock Ti, and with diffusion or Topler pumps at T 2 , all 
connecting tubing being of capillary size. Pressures were measured on the 
constant-volume manometer H operated by the levelling device G. The 
gas space outside the furnace was small compared with the total. An 
electric furnace was used for heating, and the fluctuations in line voltage 
during a run were compensated by the use of a slide wire resistance oper¬ 
ated by hand. Since the furnace and reaction tube were heated for two 
to three hours prior to each run, the above method of regulation was found 
to be quite satisfactory. Temperatures were measured by the platinum 
resistance thermometer I, in some cases a thermocouple being inserted as a 
check. For the early runs the temperature variation was of the order of 
2°C., while for later runs on which most of the conclusions are based the 
temperature was controlled to within 0.8°C. The absolute values of the 
temperature are probably correct to 2°C. 
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Since there is always some uncertainty in obtaining the initial pressure of 
gas by direct measurement, it was found to be more satisfactory to continue 
each experiment until a constant final pressure was recorded and to use this 
value to obtain the initial pressure. The ratio of initial to final pressures 



was determined accurately at several temperatures by admitting gas to the 
cold reaction chamber, followed by heating until decomposition was com¬ 
plete. It turned out that this ratio was constant over the temperature 
range employed. 
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Preparation of the ether 

Methyl ethyl ether was prepared according to the historic method of 
Williamson (6), by allowing sodium methoxide to react with ethyl iodide, 
followed by distillation. Several samples were prepared, and modifications 
of procedure and apparatus were introduced to improve yield and purity of 
product. A number of rate measurements were made on samples pre¬ 
pared under various conditions, and it was observed that rates varied con¬ 
siderably from sample to sample. The discrepancy was traced to the 
presence in the final product of small quantities of ethyl iodide, which were 
found to exert a marked catalytic effect on the decomposition rate. The 
procedure finally adopted to ensure the elimination of ethyl iodide was as 
follows (sample 5): Eight grams of sodium were allowed to react completely 
with 75 cc. of absolute methyl alcohol. The resulting solution of sodium 
methoxide in the excess alcohol was run into the flask A, which had pre¬ 
viously been evacuated. A quantity of ethyl iodide (23 cc.) less than the 
calculated amount was then admitted and the mixture allowed to stand for 
6 days. It was then heated to 45°C. and a fraction of about 7 cc. distilled 
over into tube B, which was immersed in liquid air. Here the distillate 
came in contact with metallic sodium which served to remove methyl 
alcohol. Tube B was warmed to room temperature and some gas released 
through the stopcock at the manometer. The ether was then condensed 
in tube C at — 10°C., cooled with liquid air, and permanent gases pumped 
off. The product was distilled back into tube B for further treatment with 
sodium, returned to C, cooled in liquid air once more, and the system evacu¬ 
ated. The ether was then allowed to expand into the reservoir. With 
the above quantities a pressure of 60 cm. at room temperature was ob¬ 
tained. 


Analysis of the products of reaction 

The gas mixture from the reaction chamber was pumped off with the 
Topler pump, collected in a gas burette over water (or over mercury in the 
cases of partial decomposition), and the constituents determined in the 
usual manner. Undecomposed ether was determined by absorption in 
cold concentrated sulfuric acid, hydrogen by palladinized asbestos or 
copper oxide; in the latter case the gas mixture was passed slowly back and 
forth over the oxide at 280°C. ten or twelve times. Methane and ethane 
were determined by explosion. 

To detect the presence of aldehydes in the gases from incomplete decom¬ 
position the silver mirror test was applied to a few cubic centimeters of 
water which had been standing in contact with the gas. To distinguish 
between formaldehyde and acetaldehyde the gas mixtures were allowed to 
stand in contact with about 10 cc. of ethyl alcohol in the Topler pump. A 
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portion of this solution was then tested for acetaldehyde by heating with 
sodium hydroxide. Even small concentrations of acetaldehyde produce a 
yellow color and distinctive odor (7). For formaldehyde, heating a portion 
of solution with 0.05 g. of resorcinol and 50 per cent sodium hydroxide pro¬ 
duced a pink shade (8). Estimation of quantities in both tests was made 
by color comparison with known solutions. 

RESULTS 

The products of the reaction 

The complex nature of the decomposition process may be seen from the 
diversity of the products as given in table 1 Here are shown the per¬ 
centages of the various constituents found in the gas mixture after the 
reactions had been carried to completion. The discrepancies in the totals 
may be due to the small volumes analyzed in some cases. The presence of 

TABLE 1 


Products of the thermal decomposition of methyl ethyl ether 


TEMPER¬ 

ATURE 

ETHER 

SAMPLE 

CARBON 

i/lOXIDE 

UN8ATU- 

RATEDS 

(C 2 H<) 

OXYGEN 

CARBON 

MON¬ 

OXIDE 

HYDRO¬ 

GEN 

METH¬ 

ANE 

ETHANE 

TOTAL 

degrees C 

509 

2 

per c< nt 

2 2 

per cent 

4 0 

per cent 

0 

per cent 

28 3 

per cent 

5 7 

per cent 

53 8 

per cent 
2 0 

96 0 

510* 

3 

0 

0 

1 0 

33 3 

1 1 

55 7 

4 7 

95 8 

456 

4 

0 

4 0 

0 8 

30 8 

4 0 

55 6 

4 7 

99 9 

457 

5 

0 

5 1 

0 8 

33 1 

8 4 

45 2 

6 5 

99 1 

487 

5 

2 9 

0 7 

0 7 

31 8 

9 8 

52 7 

4 4 

103 0 

509 

5 

0 2 

1 8 

0 5 

32 0 

9 4 

50 5 

5 6 

100 0 


* Reaction bulb packed w ith glass rods. 


considerable hydrogen in all cases is interesting, since Glass and Hinshel- 
wood report no hydrogen. The gas mixture shows approximately the same 
composition at the different temperatures of decomposition, and is much 
the same for the different samples of ether prepared, although as mentioned 
above there is reason to believe that the decomposition process was some¬ 
what different in the cases of samples 2,3, and 4, than for sample 5. 

In a series of experiments the gas was removed from the reaction chamber 
before the reaction was complete, in order to obtain evidence of the pres¬ 
ence of aldehydes as intermediate products, and to compare the other 
products with those obtained at the end of the reaction. 

While both formaldehyde and acetaldehyde were detected the concentra¬ 
tion of the former was always very small, while that of the acetaldehyde 
was appreciable. Thus when the pressure had increased by 50 per cent 
at 490°C., the pressure of formaldehyde in the reaction chamber was 
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estimated at 0.08 cm., and that of acetaldehyde at 14.5 cm. At 565°C. 
at a pressure 2.3 times the initial there was found a trace of formaldehyde 
and about 5 cm. of acetaldehyde. The proportions of the other constitu¬ 
ents in some of these experiments are shown in table 2. 

As a result of these analyses the steps in the decomposition process would 
appear to be the following: 


CHsOCiH, — CHjCOH + CH* (1) 

CH 3 OC.H 4 -» HCOH + C 2 H, (2) 

CHjCOII > CH, + CO (3) 

HCOH — H 2 + CO (4) 

C,H,r-:C.H, + H 2 (5) 


Reaction 1 followed by reaction 3 seems to be the predominating process, 
the analyses indicating that about 65 per cent of the ether decomposes 

TABLE 2 


Products of the partial decomposition of methyl ethyl ether (sample 5) 


TEMPER¬ 

ATURE 

ETHER 

SAMPLE 

ETHER 

CARBON 

DIOXIDE 

UNSA1U- 
K AT EDS 

(C 2 H 4 ) 

OXYGEN 

CARBON 

MON” 

OXIDE 

HYDRO- 
41 EN 

METH¬ 

ANE 

ETHANE 

TOTAL 

degrees 

c 


per cent 

per cent 

per cent 

pir lent 

per cent 

per cent 

per cent 

per cent 


400 

5 

24 3 

0 

6 8 

1 0 

32 2 

5 1 

37 9 

11 6 

94 6 

486 

5 

11 9 

0 

1 7 

0 6 

31 2 

7 5 

52 5 

7 9 

101 4 

507 

5 

26 4 

0 

4 5 

1 2 

38 7 

8 3 

41 2 

3 2 

96 4 


according to reaction 1 at all temperatures. The decomposition of the 
formaldehyde according to equation 4 appears to be fast compared with 
that of the ether, while that of acetaldehyde may be relatively slow, as 
shown by the concentrations of this compound obtained during the course 
of the reaction. The equilibrium between ethane and its products (equa¬ 
tion 5) accounts for the presence of ethylene, and it is to be expected that 
this equilibrium would be established in the temperature range used (9). 

The above processes produce somewhat over three moles for one, so that 
the pressure at the end of the reaction should be over three times the 
initial pressure. It was found, however, that the final pressure was only 
2.70 times the initial at a series of temperatures within the range of the 
experiments. This means that some non-gaseous products are formed, 
the nature of which has not been determined. Whether these are formed 
from the original ether or from the intermediate products is not evident 
from the results, but since the extent of this condensation seems to be 
independent of temperature it will not greatly affect the conclusions here 
obtained. 
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The kinetics of the decomposition 

That the reaction as a whole is approximately a first order process in 
most cases is illustrated in table 3, which shows a summary of the majority 
of the complete runs which were carried out. The columns headed < 2S , 
tso, and <76 show the time in minutes for the pressure increase to reach 25 per 
cent, 50 per cent, and 75 per cent, respectively, of its final value. The 
last three columns show the rat ios < 26 : < 60 : tn, with < 6 o taken as unity. For a 
unimolecular process these ratios should be 0.415:1:2, while for a bimolecu- 
lar they should be 0.333:1:3. The numbers corresponding to the sample 

TABLE 3 


Sum mar i ,/ of the majority of the complete runs 


NO 

KTHEK 

1 

TEMPERA- 

INITIAL 

t>b 

<50 

t 5 

to, <50 t-l 


BAMPI L 

TITHE 

PKLHSURf 







degrees (' 

cm 

tumult* 

minutes 

minutes 


4 

2 

503 

11 92 

7 4 

15 0 

32 5 

0 493:1:2 16 

5 

2 

509 

7 7 

7 5 

18 9 

40 4 

0 397:1:2 14 

8 

3 

510 

17 3 

1 0 

2 1 

4 0 

0 476:1:1 91 

9* 

3 

510 

15 1 

2 5 

30 6 

110 2 

0 082:1:3.60 

lot 

3 

. 510 

14 7 

4 7 

12 5 

40 0 

0 376:1:3 20 

12f 

3 

487 

14 4 

5 0 

13 5 

31 8 

0 370:1:2 36 

14 

3 

487 

13 4 

2 4 

5 3 

10 4 

0 453:1:1 93 

15 

3 

487 

3 2 

7 4 

15 9 

30 0 

0 465-11 89 

16 

4 

456 

10 25 

8 9 

29 5 

64 7 

j 0 302:1:2 19 

30 

5 

457 

29 66 

151 4 

377 6 


l 0 401.1: -- 

25 

5 

487 

24 96 

28 6 

66 7 

146 3 

I 0 429:1:2 20 

29 

5 

488 

30 44 

25 8 

66 4 

169 2 

0 389:1:2 55 

26 

5 

.509 

29 9 

13 8 

34 3 

91 0 

0 402:1:2 65 

37 

5 

510 

23 6 

12 3 

33 0 

89 5 

j 0 373:1.2 71 

32 

5 

565 

28 7 

0 77 

2 32 

8 0 

0 331.1*3 45 


* Bulb packed w ith glass w ool. 
f Bulb packed with glass rods. 


of ether from which the gas sample was drawn are shown in the second 
column. The time values vary remarkably from sample to sample at 
corresponding temperatures and those for sample 5 are the largest, indi¬ 
cating the slowest rates. This variation as mentioned above has been 
shown to be attributable to the presence in samples 2, 3, and 4 of traces of 
ethyl iodide acting as a catalyst. 

Runs 9, 10, and 12 were made with the reaction chamber packed with 
glgsa wool or glass rods and show a marked decrease in rate, which is 
connected with the catalytic behavior. 

In interpreting the mechanism of the decomposition process, only those 
experiments made with ether sample 5 will be considered here, for the 
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reasons advanced above. The treatment of the catalyzed reaction will be 
taken up later. 

It was first noticed that at the lowest temperature used the process is 
very closely a unimolecular one. This is shown in table 4 for an experiment 
at 457°C. The pressures given in the second column were taken from a 
smoothed curve of the experimental data which was extrapolated back to 
the mitial pressure for zero time, and the values of the unimolecular con- 

TABLE 4 

Decomposition of the ether at 457°C. 


Initial pressure, 29.66 cm. 


t 

p 

ki X 10» 

minutes 

cm 

mm 

0 

29 66 


20 

31 30 

1 65 

40 

33 05 

1 82 

60 

34 75 

1 84 

80 

36 45 

1 91 

100 

38 15 

1 99 

120 

39 85 

2 07 

140 

41 45 

2 01 

160 

42 90 

1 92 

180 

44 30 

1 91 

200 

45 60 

1 85 

220 

46 80 

1 77 

240 

48 00 

1 83 

260 

49 15 

1 82 

280 

50 30 

1 90 

300 

51 40 

1 88 

320 

52 40 

1 77 

340 

53 35 

1 75 

360 

54 20 

1 61 

380 

54 95 

1 46 

400 

55 65 

1 42 



Av. - 1 81 


stant are calculated over 20-minute intervals. This may be interpreted 
as meaning that the rate-determining step at 457°C. is the primary decom¬ 
position of the ether, and the subsequent reactions are rapid. That is, 
the decomposition even of the acetaldehyde is fast compared with that of 
the ether. 

As the temperature is raised, however, this is no longer the case, and the 
higher the temperature the greater the deviation from the simple mecha¬ 
nism. This is shown in figure 2 in which log (P/ — P) is plotted against the 
time for a number of runs, where P/ is the final pressure and P the pressure 
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as measured throughout the course of the reaction. For a unimolecular 
reaction of course this plot should give a straight line, and this is practically 
the case at 457°C. At 487°C. the deviation is not very great, the calcu¬ 
lated constant first increasing and then decreasing during the course of the 
reaction. The values at this temperature are given in table 5. 

The greatest deviation is shown in the experiments at 565°C., and here 
calculation shows that the rate-determining step is practically bimolecular. 
This is shown in table 6 where the bimolecular constant is obtained from the 


values of 


1 

P/-P 


throughout the reaction. 


In this case a correction has 



been applied to the value of P f to take into consideration the subsequent 
decomposition of ethane, which is apparently much slower than the main 

^ The bimolecular decomposition of acetaldehyde has been studied Jsy 
Hinshelwood and Hutchison (10) and the value of the constant at 565°C. 
taken from the work of these authors is shown in the table. k 2 as obtained 
here is considerably smaller, but of the same order of magnitude. 

The ex plana tion of this bimolecular rate is then that the decomposition 
of acetaldehyde is the rate-determining step, the primary decomposition of 
the ether taking place very rapidly by comparison, so that m the early 
stages of the process the ether is practically completely decomposed. 
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TABLE 5 

Decomposition of the ether at J^87°C. 


Initial pressure, 24 96 cm. 


t 

P \ 

ki X 10* 

minute* 

cm 

min -i 

0 

24 96 


10 

28 85 

0 96 

20 

32 60 

1 02 

30 

36 10 

1 06 

40 

39 25 

1 06 

50 

42 17 

1 09 

60 

44 73 

1 07 

70 

46 85 

0 95 

80 

48 68 

0 96 

90 

50 25 

0 87 

100 

51 63 

0 83 

120 

53 87 

0 76 

140 

55 68 

0 72 

160 

57 30 

0 74 

200 

59 60 

0 64 


TABLE 6 

Decomposition of the ether at 565°C. 


Initial pressure, 28.7 cm 


t 

p 

p f - p 

kt X 10" 

minute 8 

cm 


cm 1 mi n 1 

0 

28 7 

44 95 


1 

40 8 

32 85 

0 82 . 

2 

52 1 

21 55 

1 59 

3 

56 7 

16 95 

1 26 

4 

59 85 

13 80 

1 34 

5 

61 95 

11 70 

1 31 

6 

63 4 

10 25 

1 20 

7 

64 5 

9 15 

1 19 

8 

65 4 

8 25 

1 19 

9 

66 15 

7 50 

1 21 

10 

66 8 

6 85 

1 26 

15 

68 8 

4 85 

1 20 Av. =* 1 23 

20 

69 7 

3 95 

0 94 

30 

70 6 

3 05 

0 75 


Final pressure of ethylene taken as 4 cm. k% for acetaldehyde at 566°C. (Hinshel- 
wood and Hutchison) =*,2.09 X 10~* cm. -1 min.~ l 


At intermediate temperatures both processes should be proceeding at 
measurable rates, and the process then consists in the main of a unimolecu- 
lar reaction followed by a bimolecular one. Such a mechanism does not 
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permit of simple mathematical treatment, but an attempt has been made 
to obtain a certain correlation of the results. 

The total pressure P at any time t during the reaction will on the assump¬ 
tions outlined above be given by 

P = P, - (P/ - P t ) c~ k ' 1 - b (1) 

where P f is the final pressure, P x the initial pressure, ki the unimolecular 
constant for the total ether decomposition, and b the pressure due to the 
acetaldehyde present. Here the formation of condensed products if from 
the original ether is assumed to be a first order process; if from inter¬ 
mediate products then the rate must be fast. The formation of ethylene 
from ethane is not taken into consideration, but if this takes place only at 
a later stage in the process, then the value of P f in the above equation will 
have to be modified accordingly. 

Now the pressure due to acetaldehyde is changing at the rate given by 

^ = 0 65 kiPs-M-hb* ( 2 ) 


where 0.65 ki represents the part of the rate constant which refers to the 
decomposition of the ether to acetaldehyde, and k 2 is the bimolecular con¬ 
stant for acetaldehyde. 

Equation 2 unfortunately has no finite solution, so that it is necessary to 
make use of it in the differential form. 

Differentiating equation 1 we obtain 


dP 
d t 


h ( P f - P.) t~ k * - 


db 

dt 


and combining with equation 2, 

^ = fci (P/ - 1.65 P.) r+ k 2 b* (3) 

d£ 

Now the value of ki may be estimated from the following considerations. 
Near the beginning of the process b is very small and hence kJP in equation 
3 may be neglected. This equation integrated then gives 

P = (P, - 0 65 P.) - (P/ - 1.65 P.) e~ H 


or 

log (P/ - 0.65 P, - P) = log (P/ - 1.65 P.) - t (4) 

ki may then be obtained from a series of the values of P near the beginning 
of the reaction for which equation 4 is linear. 
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Having k ly values of b throughout the reaction are obtained from equa¬ 
tion 1, and then values of k a from equation 3, making use of slopes of tan¬ 
gents to the experimental pressure-time curve to obtain 

The results of applying this method of treatment to an experiment at 
509°C. are shown in table 7. 

The value of h using equation 4 comes out to be 0.0387. The second 
column shows the experimental values of total pressure throughout the 
experiment. Values of b and k 2 are obtained using equations 1 and 3. 
The column headed P t gives the pressure due to undecomposed ether at the 

TABLE 7 

Decomposition of the ether at 509°C 


Initial pressure, 29 9 cm ; k\ «* 0 0387 mm 1 



P 

P< 

b 

X 10» 

nxnutes 

cm 

cm 

cm 

cm 1 mm 1 

0 

29 90 

29 90 

0 


10 

39 50 

20 30 

5 70 

4 4 

20 

47 40 

13 80 

8 20 

2 47 

30 

53 25 

9 38 

9 45 

1 64 

40 

57 50 

6 38 

10 00 

1 16 

50 

60 65 

4 31 

10 15 

0 90 

60 

63 12 

2 94 

9 88 

1 13 

70 

65 10 

2 00 

9 40 

1 07 

80 

66 69 

1 38 

8 81 

1 16 

90 

67 99 

0 94 

8 21 

1 27 

100 

69 03 

0 62 

7 67 

1 26 

120 

70 63 

0 29 

6 61 

-1 29 

140 

71 85 

0 13 

5 64 

1 51 

160 

72 8 

0 06 

4 80 

1 76 

200 

74 29 

0 03 

3 36 

1 68 


Corrected final pressure taken as 77 7 cm k 2 for acetaldehyde at 509°C (Hinshel- 
\* ood and Hutchison) = 4 37 X 10~ 3 cm _1 min ~ l 


corresponding times, the values being obtained from the first order equa¬ 
tion 

P. - P l e~ kl * 

The values of show a marked decrease during the initial stages of the 
reaction and then remain fairly constant. The method involves uncer¬ 
tainties in the assumption that 65 per cent of the ether decomposes to 
acetaldehyde, and in the effects of the condensation reaction and the forma¬ 
tion of ethylene. The value of k\ may be in error to some extent, and there 
is the difficulty of obtaining slopes graphically of sufficient accuracy to give 
reliable results when relatively small differences have to be taken. In 
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view of all this, the conclusions as to mechanism would seem to be fairly 
well justified by the agreement shown. 

The mechanism here outlined involves the assumption that the tem¬ 
perature coefficient of the ether decomposition reaction is considerably 
larger than that for the aldehyde. The value of E, the critical increment 
for acetaldehyde, is 45,500 calories per mole, while for the decomposition 
of methyl ethyl ether, Glass and Hinshelwood give a value of 47,000 
calories. Since the results given here are in definite disagreement with the 
results of these two authors with regard to the magnitude of the rates 
themselves, it is to be expected that the value of the temperature coefficient 
will also differ. The rate constants obtained here lead to a value of E of 

TABLE 8 

Decomposition of the ether at S66°C. 


Initial pressure, 28.7 cm.; ki = 0 603 min. -1 


t 

p 

Pe 

6 

kt X 10* 

minutes 

cm 

cm 

cm 

cm mm. 1 

0 

28 7 

28 7 

0 


1 

. 40 8 

15 7 

8 35 

1 35 

2 

52 1 

8 59 

8 15 

1 49 

3 

56 7 

4 70 

9 62 

1 21 

4 

59 85 

2 57 

9 79 

1 19 

5 

61 95 

1 41 

9 51 

1 03 

6 

63 4 

0 77 

8 95 

1 04 

7 

64 5 

0 42 

8 49 

1 07 

8 

65 4 

0 23 

7 89 

1 23 

9 

66 15 

0 13 

7 30 

1 18 

10 

66 8 

0 07 

6 74 

1 12 

15 

68 8 

0 003 

4 85 

1 06 

20 

69 7 

0 0002 

3 95 

0 64 


65,300 calories per mole. Although, owing to the uncertainties entering 
into the method of treatment, this figure may be somewhat in error, E is 

highest 

temperature, 565°C., as is shown in table 8. Here equation 4 may not be 
relied upon to obtain k h since the decomposition of the aldehyde is appre¬ 
ciable even near the start, fci was therefore obtained by extrapolation 
using the temperature coefficient. Values of b and kt were obtained using 
equations 1 and 3 as in table 7 The column headed P. shows the pressure 
of undecomposed ether present at the times given, as calculated from the 
value of Aa. The agreement between the bimolecular constant obtained 
here and that in table 6 is quite good. 


apparently much larger than that given by Glass and Hinshelwood. 
The above value is consistent with the results obtained at the 
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SUMMARY 

1. The decomposition of methyl ethyl ether has been studied over a wide 
range of temperature and is shown to be a complex process consisting in the 
main of a unimolecular decomposition of the ether into acetaldehyde and 
methane, followed by the bimolecular decomposition of the acetaldehyde. 

2. These two steps may be treated separately at high and low tempera¬ 
tures, owing to the difference in the two temperature coefficients. 

3. A method of treatment of the process at intermediate temperatures 
has been developed, and values of the rate constants at various tempera¬ 
tures have been obtained. 
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During the course of a series of experiments on the thermal decomposi¬ 
tion of methyl ethyl ether, some anomalies were observed in the measured 
rates where different preparations of the ether were used (1). Under the 
same conditions of temperature and pressure different samples of the gas 
showed widely different rates. It was suspected that the presence of some 
impurity in varying amounts was producing a catalytic effect. Since the 
ether was prepared from sodium methoxide and ethyl iodide, a likely im¬ 
purity in the product would be the latter substance, and in some of the 
experiments a brownish deposit, probably iodine, was observed in the 
capillary tubing above the furnace enclosing the reaction flask. Clusius 
and Hinshelwood have shown that the alkyl iodides will produce homo¬ 
geneous catalysis in the case of the decomposition of several ethers, the 
catalytic effect being largely due to iodine vapor formed by the decompo¬ 
sition of the halide (2). 

Since it was desired to study the decomposition of methyl ethyl ether in 
absence of catalysts, the method of preparation was modified in such a way 
as to ensure the virtual absence of any iodide in the product. The results 
of this work have been given in the previous communication of this series. 

A few experiments have been carried out for the purpose of substantiating 
the conclusion that the observed discrepancies in rates were due to ca¬ 
talysis by the alkyl halide, and these are reported here. r ihe results of 
some calculations as to the mechanism of the catalytic process are also 
given, since, as in the case of the uncatalyzed decomposition, consecutive 
reactions appear to be involved. 

experimental 

The apparatus employed was the same as that used in the previous work 
except for the addition of a small bulb containing ethyl iodide. In carry¬ 
ing out a rate measurement a small quantity of ethyl iodide vapor was first 
admitted to the hot reaction chamber, and heated for a few minutes before 
the sample of ether was introduced. This should ensure complete decom- 
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position of the iodide at these temperatures (2). Since in previous experi¬ 
ments where catalysis was suspected, the residual gas after decomposition 
showed approximately the same composition as that obtained in the 
uncatalyzed process, the gas mixture from the experiments in which ethyl 
iodide was added was not analyzed, and it was assumed that the reactions 
taking place were substantially the same as those in the previous cases. 

RESULTS 

The effect of the addition of ethyl iodide is to produce a marked increase 
in rate, as may be seen from the values given in table 1. In fact, in run 33 
where the highest concentration of iodide was used, the pressure increase 
was so rapid that it was impossible to obtain pressure readings until the 
reaction was substantially complete. In the table £50 represents the time 
in minutes for the pressure increase to reach one-half of its final value, and 

TABLE 1 


The effect of ethyl iodide upon the rate of decomposition of methyl ethyl ether 


no. 

TEMPERATURE 

INITIAL PRESSURE 

PRESSURE DUE TO 
IODIDE 

h 0 


degrees C 

cm 

cm 

minutes 

25 

487 

24 96 

0 

66 7 

33 

487 

11 4 

9 1 

(0 5) 

34 

487 

24 1 

2 5 

1 14 

35 

480 

26 95 

0 06 

9 17 


in the case of a single unimolecular reaction these values would be inversely 
proportional to the reaction rate constant. The reactions here are more 
complex, nevertheless the time values give an approximate idea of relative 
rates. Run No. 25 shows the time for the uncatalyzed reaction. The 
same preparation of ether (sample 5) was used in all of these experiments. 
The fourth column gives the pressure in the reaction chamber just before 
the ether was admitted, this being due to the decomposition products of 
ethyl iodide. Since the connecting tubes outside the furnace were not 
heated some iodine would condense in these, as was observed in run 33. 
For this reason the concentrations of catalysts cannot be accurately com¬ 
pared. However it is evident from run 35 that even a small quantity of 
iodide produces a considerable acceleration. 

In table 2 are given the time values for experiments carried out with 
several preparations of ether at various temperatures, showing the great 
differences obtained.' The effect of the variation of the initial pressure 
(and consequent variation in the concentration of the catalyst) is well 
shown in the second and third lines where a decrease in pressure to one- 
fifth of its value decreases the rate approximately three times. The time 
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values for sample 5 represent the rates for the uncatalyzed process, since 
it is believed that this preparation of ether was virtually free from iodide. 
The last line refers to one of the experiments (run 35) in which iodide was 
added. 

The effect of increasing the surface exposed in the reaction tube was 
rather unexpected. With the tube packed with glass wool, a decrease in 
rate was observed, and the course of the reaction was no longer even 
approximately unimolecular, as shown by the values of t% 6,4o, and tn (table 
3, previous paper). In the presence of Pyrex rods a similar decrease was 
noted, but in a lesser degree. The explanation of these results is possibly 
that of adsorption of iodide or iodine on the surface with reduction in its 
catalytic activity. 


TABLE 2 


Time values for experiments with different samples of methyl ethyl ether at various 

temperatures 


SAMPLES OF 
ETHER 

INITIAL 

PRESSURE 

<60 

at 456-7°C 

at 486-7°C 

at 509-10°C 

at 561-5°C 


* cm. 

minutes 

m%nute8 

minutes 

minutes 

2 

8 and 12 



18 9 

2 1 

3 

14 and 17 


5 6 

2 1 


3 

3 2 


15 9 



3 

15 



30 6* 


3 

15 and 20 


13 5f 

7 4t 


4 

10 3 

29 5 




5 

25 to 30 

377 6 

66 7 

34 3 

2 2 

5 

27 

9 17 (480°C.)t 




* In presence of glass wool, 
t In presence of Pyrex rods. 

t Ethyl iodide introduced to a pressure of about 0 06 cm. 


The various samples of ether were prepared from the same reagents. 
The values in table 2 indicate that in ether sample 2 the concentration of 
iodide was lower than in sample 3. This was to be expected, since in the 
preparation of sample 2 a smaller proportion of iodide was used in compari¬ 
son with the sodium methoxide. The chief difference in the method used 
for sample 5 was in connection with the time allowed. The reaction mix¬ 
ture of methoxide and iodide consists of two layers with the heavy iodide 
forming the lower. The reaction at the interface is rather slow unless the 
temperature is raised to such a value that there is danger of the reagent 
distilling over. In the preparation of sample 5, the mixture was allowed to 
stand at room temperature until the lower layer had completely disap¬ 
peared, a matter of six days, after which treatments with sodium and 
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several careful fractionations were carried out. The results seem to point 
unmistakably to the presence of iodide in the other preparations. 


THE KINETICS OF THE CATALYTIC PROCESS 


Clusius and Hinshelwood (3) have shown that the decomposition of ace¬ 
taldehyde catalyzed by iodine follows a unimolecular course with respect 
to the aldehyde itself, and that the catalytic decomposition of ethyl ether 
consists of consecutive unimolecular reactions. The same state of affairs is 
to be expected in the present case, in which a large proportion of the methyl 
ethyl ether decomposes into acetaldehyde and methane. 

The treatment of the experimental results is somewhat simpler than that 
given for the uncatalyzed process (1). Here a solution of the differential 
equations is possible, but it is easier to retain the differential form in treat¬ 
ing the data. 

The value of k h the rate constant for the ether, may be obtained as in the 
previous case or may be estimated from the slope of the pressure-time 
curve at the origin. 

The equation for k 2y the unimolecular constant for acetaldehyde, be¬ 
comes 


— = Jfci ( P f - 1.65 P % ) e-** + h'b 
at 


where as before 

at 


is the slope at time t of the curve obtained by plotting 


the total pressure throughout decomposition against the time. P f and Pi 
are the final and the initial pressures respectively, and b is the partial pres¬ 
sure of acetaldehyde at time t. 

In table 3 is shown the results of applying this method to an experiment 
at 480°C., in which 26.95 cm. of ether from sample 5 were used in the pres¬ 
ence of ethyl iodide, the pressure due to the catalyst being about 0.06 cm. 
There is some doubt as to the correct value of k h since k 2 is relatively large 
and the decomposition of the acetaldehyde is taking place at an appreciable 
rate even at the start. The values of b show the expected rise and fall and 
values of kj for a unimolecular process given in the fourth column show 
fair agreement up to a time of 20 minutes, after which both b and the pres¬ 
sure of the ether become small. In the last column are shown values calcu¬ 
lated for a bimolecular reaction on the part of the acetaldehyde and the 
variation is much larger than for the unimolecular case. In table 4 the 
same treatment is applied to an experiment at 456°C. in which 10.25 cm. of 
ether from preparation 6 was used without further addition of catalyst. 
Here the agreement in the values of k 2 in column four is quite satisfactory. 

As in the uncatalyzed decomposition, the analyses indicate a part of the 
ether forms formaldehyde and ethane, followed by the rapid decomposition 



ON THE MECHANISM OF GASEOUS REACTIONS. II 


1187 


TABLE 3 

Experiment on ether sample 5 and ethyl iodide at 480°C. 


ki = 0.146 min. -1 


t 

p 

b 

AV (uni ) 

*t (bi) 

minutes 

cm 

cm 



0 

26 95 

0 



1 

30 15 

2 75 

0 131 

0 048 

2 

33 15 

4 75 

0 135 

0 028 

3 

36 05 

6 25 

0 126 

0 020 

4 

38 85 

7 15 

0 130 

0 018 

5 

41 45 

7 95 

0 116 

0 015 

6 

43 85 

8 25 

0 121 

0 015 

7 

46 15 

8 45 

0 113 

0 013 

8 

48 05 

8 65 

0 110 

0 013 

9 

49 9 

8 60 

0 102 

0 012 

10 

51 5 

8 60 

0 091 

0 011 

20 

62 3 

5 47 

0 111 

0 020 

30 

66 7 

2 84 

0 086 

0 030 

40 

68 5 

1 47 

0 068 

0 046 


TABLE 4 

Experiment on ether sample 4 at J^56°C. 
ki = 0 030 min -1 


t 

P 

b 

hi (um ) 

* 2 (bi ) 

minute* 

cm 

cm 



0 

10 25 

0 



10 

13 45 

1 34 

0 034 

0 025 

20 

15 98 

2 16 

0 029 

0 013 

30 

18 10 

2 52 

0 025 

0 0099 

40 

19 85 

2 60 

0 025 

0 0096 

50 

21 25 

2 56 

0 023 

0 0090 

60 

22 37 

2 45 

0 022 

0 0090 

70 

23 30 

2 27 

0 024 

0 011 

80 

24 20 

1 92 

0 027 

0 014 

90 

24 98 

1 55 

0 031 

0 020 

100 

25 60 

1 23 

0 033 

0 027 

110 

26 03 

1 03 

0 025 

0 024 

120 

26 35 

0 87 

0 026 

0 030 

150 

27 00 

0 51 

0 030 

0 059 




Av. » 0.027 



of the formaldehyde, and the slow decomposition of a part of the ethane to 
an equilibrium with ethylene and hydrogen. In the former case the ethane 
decomposition was found to be relatively slow and heating for a day or two 
was usually required to reach a constant pressure. Thus in an experiment 
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BUN NO. 

TEMPERATURE 

INITIAL PRESSURE 

ETHER SAMPLE 

4 

degrees C. 

503 

cm. 

11.9 

2 

5 

509 

7.7 

2 

7 

510 

21.0 

3 

8 

510 

17.3 

3 

13 

487 

14.1 

3 

14 

487 

13.4 

3 

35 

480 

26.95 

5 + ethyl iodide 


Scale for 
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at 565°C. an approximate calculation based on the pressure rise after 50 
minutes gave for a unimolecular constant 3.4 X 10~ 8 min." -1 , while from 
the work of Marek and McCluer (4) the constant for ethane decomposition 
is calculated to be 8.9 X 10~ 3 min." 1 

In the catalytic experiments in most cases there was noted a slow rise in 
pressure following the first relatively rapid increase. Moreover if a 
logarithmic plot is made, the lines appear to show two main slopes. This 
is illustrated in figure 1 in which are plotted the values of log (P/ — P) 
against the time for a number of the catalytic runs. P is the total pressure 
at any time, and P f the final total pressure. If the process was a simple 
unimolecular one such a plot would produce a straight line. In the figure 
it is shown that in most cases the lines are approximately straight in the 
first portion of any run; then there is a rapid change of slope to a much 
lower value. 

The first part of the plot evidently refers to the decomposition of ether 
followed by that of acetaldehyde, and corresponds approximately to a 
single unimolecular process, since fa and fa r are close together in value, as 
shown in tables 3 and 4. That the second slope corresponds to the decom¬ 
position of ethane seems a reasonable assumption, since the rate is too slow 
for that of acetaldehyde, and moreover the amount of pressure change dur¬ 
ing the second stage is of the right order of magnitude as calculated from 
the equilibrium data for the reaction 


C 2 H« C 2 H 4 + H 2 (5) 

In the case of runs 4 and 5 (and some others not shown here), the initial 
rates are slow and the experiments were not carried on long enough to 
reach the equilibrium pressure. 

The experimental data for this final stage in the decomposition process 
is not sufficiently accurate to provide reliable values of the unimolecular 
constant for ethane, but approximate calculations indicate considerably 
higher values than would be expected at the temperatures used. This 
points to catalysis also in the decomposition of the ethane. 

It is to be noted that at the temperatures at which the catalytic reactions 
were carried out, the uncatalyzed reactions were also taking place at measur¬ 
able rates, as shown in the previous paper, although in most cases the effect 
of the latter should be negligible. 


summary 

1. The decomposition of methyl ethyl ether is catalyzed in the presence 
of small quantities of ethyl iodide such as may remain in the ether as a 
result of its preparation. 

2. The catalytic process consists mainly of the unimolecular decompo- 
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sition of the ether followed by the unimolecular decomposition of the 
acetaldehyde formed. 

3. Ethane seems also to be a primary product and the decomposition to 
an equilibrium mixture with ethylene and hydrogen is catalyzed as a result 
of the iodide. 
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In connection with a method developed by Collins and Menzies for meas¬ 
uring aqueous tensions in salt hydrate systems, which is to be described 
in a subsequent paper, a knowledge was required of the partial pressures 
of water over aqueous solutions of sulfuric acid for various concentrations 
and at various temperatures. Critical discussions of existing data have 
been given by Wilson (1), Greenewalt (2), and Hepburn (3), and tables 
have been compiled. The agreement between their values at 25°C. indi¬ 
cates that this isotherm is fairly accurately located. At other temperatures, 
however, the tables of Wilson and Greenewalt do not agree to the extent 
expected if the claims of accuracy of each are considered, the disagreement 
in many cases being more than 4 per cent. We decided, therefore, to re¬ 
determine experimentally the vapor pressures over aqueous solutions of 
sulfuric acid. 


CHOICE OF METHOD 

The dynamic boiling point method employed by Burt (4) presents many 
difficulties. Among the principal objections are superheating, change of 
concentration with boiling, and the existence of a pressure gradient. The 
gas-current saturation method used by Briggs (5), Sorel (6), and others 
presents difficulties in temperature control and is accompanied by a change 
in concentration of the solution. The dew point method used by Hepburn 
(3) is practical for only moderate temperatures. The static methods used 
by Regnault (7), Bronsted (8), Dieterici (9), Grollman and Frazer (10), 
and Hacker (11), permit greater accuracy. A static method was there¬ 
fore desirable. The method chosen consisted of a modification of the static 
isoteniscope of Smith and Menzies (12). The partial pressure of hydrogen 
sulfate or sulfur trioxide over aqueous sulfuric acid solutions is not ap¬ 
preciable below 150°C. According to Thomas and Barker (13) the partial 
pressure of hydrogen sulfate over a 99 per cent solution is 0.5 mm. at 180°C. 
Hence a method measuring the total vapor pressure of a solution will, in 
effect, give results for the aqueous partial pressure. 

1 From a thesis presented by the author to the Faculty of Princeton University in 
partial fulfillment of the requirements for the degree of Doctor of Philosophy. 
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EXPERIMENTAL 

Isoteniscope 

For details of the static isoteniscope one is referred to the original 
article (12). The static isoteniscope as described there is applicable in the 
case of single substances and saturated solutions. It is, however, not 



Fig. 1 

directly applicable in measuring vapor pressures of liquid pairs or unsatu¬ 
rated solutions. In these cases the repeated boiling-out to insure the ex¬ 
pulsion of all the dissolved or absorbed foreign gases would be followed by 
a change in the concentration of the solution. It was necessary to devise 
an isoteniscope which would permit the expulsion of the foreign gases with 
no accompanying change in concentration. Jacketing the part of the isoteni¬ 
scope nearest the manometer with a water condenser would prevent loss 
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of water from the instrument itself, but the solution in the bulb would 
become more concentrated, while the solution acting as the confining liquid 
would become more dilute on account of the returned condensed water 
vapor. This difficulty was obviated by abbreviating the instrument to a 
J-tube (figure 1). It was made from glass tubing (7 mm. internal diameter). 
The closed end, A, was approximately 6 cm. long and the length over all 
was 40 cm. The water jacket, E, was constructed from 20-mm. tubing 
and was fitted to the isoteniscope with rubber stoppers. The condenser was 
put in place before sealing on the Kjeldahl trap D. It proved convenient 
to have both the inlet and outlet tubes of the condenser inserted through 
the top stopper. The Kjeldahl trap was added as a safety device to pro¬ 
tect the pressure measuring system from an influx of acid solution should 
the pressure in the isoteniscope accidentally become much larger than the 
applied pressure. The side tube, F, which may be opened or sealed at 
will, permits greater facility in washing and charging. 

Since approximately 5 cc. of solution were needed there arose the ques¬ 
tion of a change in concentration through the possibility of condensed water 
in part C at times other than during the process of air removal. On no 
occasion was any water ever observed laving the inner walls of the condenser, 
so that the amount of water must have been small. And yet no vapor 
escaped past the condenser, which was proven by the subsequent analysis 
of several samples of acid solutions after having been used in the pressure 
determinations from 25°C. to the vicinity of 125°C., the concentration 
agreeing with the initial concentration within the experimental error. To 
get an idea how small an amount of water, if any, was on the walls of the 
condenser the following experiment was performed. The glass tubing 
between the isoteniscope proper and the condenser was bent so that it was 
approximately 70° from the vertical and the condenser 20° from the verti¬ 
cal. A piece of glass tubing several centimeters long and having a closed 
end was sealed to the underside just below the condenser forming an 
“appendix.” The isoteniscope was charged with an acid solution with a 
boiling point of approximately 110°C. and connected with the pressure 
measuring system. The isoteniscope proper was maintained at 105°C. 
and the pressure in the system adjusted accordingly. The “appendix” 
was kept cold by immersion in a bath of water. At the end of two hours 
the “appendix” was cut off and its water content determined. The water 
which collected was inappreciable, i.e., less than 0.01 g., an amount having 
too small an effect upon the concentration to cause concern. This may 
not seem surprising when we stop to consider that the only way for the 
water to reach the condenser was by diffusion through a tube 14 cm. long 
and of 7 mm. diameter against an opposing equal pressure of air, except 
during the process of air removal. 
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Preparation of solutions 

The acid solutions used in these determinations were prepared from re¬ 
distilled sulfuric acid of the best reagent grade. An analysis of the acid 
was made, which showed that the statement made by the manufacturer 
regarding the maximum limits of impurities was correct. This statement 
showed that the acid conformed to the standards of purity as given by 
Murray (14). The various solutions were analyzed in triplicate for sul¬ 
fate by precipitating and weighing as barium sulfate. The analyses checked 
within 0.04 of a percentage of composition, which amounts to an error of 
less than 0.1 per cent for most of the solutions. 

Temperature regulation 

For the lower temperatures a water-bath consisting of a 4-liter beaker 
was used; for the higher temperatures oil was substituted for the water. 
The bath was jacketed with an inch of asbestos, the variety commonly used 
for wrapping steam pipes. The temperature was regulated by an electric 
hot-plate in series with a variable resistance. An additional electric heater 
of the immersion type was used to facilitate raising the temperature 
rapidly and then disconnected when the desired temperature was reached. 
A coil of copper tubing immersed in the bath, through which cold water 
could be run, afforded the means of cooling when necessary to lower the 
temperature. The temperature was controlled within 0.01 to 0.02°C. 
Violent stirring was provided and uniformity of temperature throughout 
the bath was obtained. 


Thermometry 

The temperature w T as measured by means of a platinum resistance ther¬ 
mometer of the Callendar type with compensating leads. The platinum 
wire was wound on a mica form and was jacketed with a porcelain tube. 
It was calibrated at the freezing and boiling points of water and at the tran¬ 
sition point of sodium sulfate decahydrate. 

Resistances were measured by means of a Mueller type thermometer 
bridge (15). The makers supplied calibration data showing no deviations 
which would affect our results. The sensitivity of the galvanometer was 
such that a change in the resistance of the thermometer of 0.001 ohms, 
corresponding to 0.01°C., produced a deflection of one half a scale division. 
No thermal e.m.f. causing more than 0.01°C. was observed. The fixed 
points showed no change throughout the period of the measurements, prob¬ 
ably because the thermometer was never heated above 140°C. 

i 

Pressure 

The manometer was similar to the one described by Smith and Menzies 
(12). The mercury was purified by the nitric acid treatment and subse- 
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quent distillation in vacuo . The manometer levels were measured by a 
graduated steel bar, the length of which was calibrated by comparison 
with a standard meter, the latter having been calibrated by the late Dr. 
E. W. Morley. The graduations were compared by means of dividers for 
5 cm. intervals. There were no discrepancies large enough to affect our 
results. The room temperature variation was so small that the bar was 
not noticeably affected. The steel bar carried a movable sleeve with a 
vernier scale. To this sleeve was attached a strip of mirrored glass with a 
horizontal hair line, in such a way that it was behind the manometer tubes 
on each side of the steel bar. The hair line could be adjusted at the mercury 
level, avoiding parallax by the alignment of the mercury level with its 
image. The manometer readings were reduced to millimeters of mercury 
at 0°C. and to sea level at 45° N.L. The value of the gravity constant, g, was 
taken as 980.3, the calculated value for Williamstown, Mass., according 
to its latitude, longitude, and elevation. This value agrees with that 
determined in the Thompson Physical Laboratory of Williams College. 

For pressures less than one atmosphere the “open end” of the manometer 
was connected to a system containing a Hyvac pump and McLeod gauge. 
This system was evacuated to a residual pressure of 0.005 mm., thereby 
obviating the heading of the barometer at each determination and also 
increasing the accuracy of the measurements. 

Pressures less than 10 mm. were read by means of another McLeod 
gauge protected from water vapor by a guard tube containing magnesium 
perchlorate trihydrate. 

Since an open-end manometer was used for pressures above one atmos¬ 
phere the barometer had to be read. The barometer was by Henry Green 
of Brooklyn, N.Y. It was tested for accuracy by comparison with the 
manometer when the open end was at atmospheric pressure. The Green 
barometer was found to be accurate within the error of reading the instru¬ 
ments. 


Manipulation 

The essential difference in the manipulation of this isoteniscope and that 
of Smith and Menzies was the method by which the dissolved gases were 
removed. Enough solution was placed in the isoteniscope to fill the closed 
arm about one-half full when the levels of the solution in both arms were 
equal. About 5 cc. were required. Then the isoteniscope was connected 
to the system and the latter evacuated. Bubbles of gas were given off from 
the solution and part of this gas collected in the closed end of the isoteni¬ 
scope. This was removed from time to time by bringing the instrument to 
horizontal position. Sharp tapping aided in the removal of the gas from 
the solution. After several repetitions of gas removal it was necessary to 
warm gently the closed end of the instrument in order to form a bubble of 
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water vapor. If the isoteniscope was swung quickly back and forth 
through a small arc, as a clock pendulum, a sharp click was heard when 
the solution struck the closed end. This was an index of the absence of 
foreign gases. As further proof of the removal of gases a measurement 
of the aqueous tension was made at a given temperature and then the proc¬ 
ess of gas removal repeated at a higher temperature. A redetermina¬ 
tion of the pressure at the first temperature was then repeated and identical 
values ensured the absence of all foreign gases. Any water which might 
have deposited in the condenser during the process of air removal was 
allowed sufficient time to reflux and become thoroughly mixed with the 
solution before the pressure measurements were made. 

EXPERIMENTAL RESULTS 

The experimental results are given in table 1. 

FINAL TABULATION OF RESULTS 

Since the vapor pressures measured were for solutions of various con¬ 
centrations and at various temperatures it was necessary to devise a method 
whereby the aqueous tensions of solutions of intermediate concentrations 
could be obtained at any desired temperature. 

The experimental data was first smoothed by a highly sensitive graphical 
method. In this method the log of the pressure is temporarily assumed to 
be a linear function of the reciprocal of the absolute temperature. Since 
log P, however, is not strictly a linear function of 1 /T there was a difference 
between the logs of the observed pressures and those so calculated. These 
differences were plotted as a function of temperature, and by their aid the 
pressures at rounded temperatures were calculated for intervals of 5°C. 

Since the relative vapor pressure for a solution changes only slowly with 
temperature, graphs showing this relation allowed us to test the data smoothed 
as above and to smooth it further where necessary. Extrapolation of these 
curves gave the values for 20°C., 140°C., and in some cases 135°C. 

The relative vapor pressures for solutions of rounded concentrations were 
next obtained graphically. To accomplish this, the logs of the smoothed 
relative vapor pressures were plotted as a function of the concentration. 
Although no experimental data was obtained for concentrations below 29.90 
per cent the extrapolation of the isotherms from this concentration to 0 
per cent was accomplished without the introduction of appreciable error. 
The logs of the relative vapor pressures for 10 per cent, 20 per cent, and 25 
per cent were read directly from these isotherms. Instead of obtaining 
the logs of the relative vapor pressures for solutions above and including 
30 per cent directly from the graphs, we obtained them by a more accurate 
method. This method involved calculating them on the temporary as¬ 
sumption of a parabolic relation between the log of the relative vapor pres- 
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TABLE 1 


Vapor pressure for sulfuric acid-water solutions 


Experimental concentrations. Pressure in millimeters of mercury 


t 

p 

t 

p 

( 

p 

t 

p 


(observed) 


(observed) 


(observed) 


(observed) 


29.90 per cent H2SO4 


degrees C 

24 87 

17 8 

degrees C 

39 69 

41 1 

degrees C 

69 85 

179 0 

degrees C 

99 71 

590 7 

24 41 

17 0 

44 90 

54 5 

74 83 

221 1 

104 44 

699 2 

30 00 

24 1 

49 71 

69 6 

79 67 

270 7 

110 06 

845 1 

29 90 

23 7 

54 91 

89 9 

85 32 

341 9 

113 85 

964 4 

34 45 

30 7 

59 72 

112 9 

89 92 

408 1 

119 33 

1155 

34 40 

31 0 

64 59 

141 7 

94 78 

491 0 

123 06 

1296 


38 23 per cent H 2 S0 4 
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TABLE 1 —Concluded 


t 

p 

t 

p 

t 

p 

t 

p 


(observed) 


(observed) 


(observed) 


(observed) 


58 03 per rent H 2 S0 4 


degrees C. 

25 11 

4 82 

degrees C 

59 95 

35 5 

degrees C 

89 87 

139 5 

degrees C. 

120.74 

453.2 

33 95 

8 40 

65 01 

45 6 

95 06 

172 9 

125 42 

533.8 

40 58 

12 4 

70 13 

58 3 

100 15 

211 1 

130 20 

630.0 

45 05 

16 1 

74 95 

72 7 

104 10 

246 2 

135 61 

752 8 

49 77 

55 19 

20 1 

28 0 

80 22 

85 16 

92 2 

114 3 

109 66 
114 99 

303 9 

370 1 




65 47 per cent II 2 S0 4 


29 72 

2.89 

59.98 

18 02 

90 16 

77 4 

119.13 

247.8 

34 99 

4 29 

64 36 

22.7 

94 71 

93.9 

124.41 

301 2 

39 59 

5 37 

69 86 

29.8 

100 20 

118 5 

129 46 

361 1 

44 66 

7 58 

74 52 

37 6 

104 56 

141 3 



49 77 

10.16 

79 19 

46 9 

109 96 

174 9 



54 91 

13 74 

84 72 

60 6 

114 74 

210 6 




sure and the concentration, a method similar to the one described above 
where a linear function was temporarily assumed. 

Table 2 presents the final tabulation of the relative vapor pressures. 
The first and second columns, respectively, give the temperature and the 
vapor pressure of water in millimeters of mercury. The other columns 
give the relative vapor pressures in per cent for the solutions designated 
at the head of each column. Values for intermediate concentrations and 
temperatures may be obtained by linear interpolation from table 2 without 
introduction of large errors, since the R. V.P. isotherms are sufficiently recti¬ 
linear for intervals of 10 per cent and the relative vapor pressure for a solu¬ 
tion of given concentration is a linear function of the temperature. Rela¬ 
tive vapor pressures at temperatures not far above 140°C. may be obtained 
by linear extrapolation. Values in table 2 for 145°C. and 150°C. have been 
so obtained. 


ACCURACY OF RESULTS 

The maximum absolute error in temperature measurement we estimate 
at 0.05°C. For our most dilute solution this could cause an error of 0.1 
per cent at 125°C. and 1 per cent at 25°C. From a study of the smoothing 
required of our results we find that the average smoothing required below 
10 mm. amounts to 1.5 per cent. Between 10 mm. and 100 mm. the aver¬ 
age smoothing amounts to 0.2 per cent. Above 100 mm. it amounts to but 
0.1 per cent. In terms of pressure this would correspond to an average 
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better than 0.15 mm. below 10 mm., and 0.2 mm. above 10 mm. This error 
corresponds to the limit of error in reading the manometer, McLeod gauges, 
and barometer. 

Since the pressures for 10 per cent, 20 per cent, and 25 per cent were ob¬ 
tained by graphic interpolation of the logs of the relative vapor pressures, 

TABLE 2 


Relative vapor pressures for sulfuric acid-water solutions 


t 


RELATIVE 

VAPOR 

PRESSURES IN PER CENT FOR SOLUTIONS CONTAINING FROM 

10 TO 70 PER CENT HjSO* 

water) 

10 

per 

cent 

20 

per 

cent 

25 

per 

cent 

30 

per 

cent 

35 

per 

cent 

40 

per 

cent 

45 

per 

cent 

50 

per 

cent 

55 

per 

cent 

00 

per 

cent 

i M 

per 

cent 

70 

per 

cent 

degrees 

CL 

mm. Hg 













20 

17.54 

95.6 

88 .o 

82.4 

75.o 

66 .o 

56.! 

45., 

35 . 2 

25.3 

16.i 

9.2 

3.4 

25 

23.76 

95.6 

88 .o 

82.6 

75.2 

66.3 

56.6 

46., 

35.7 

25. 8 

16.8 

9.7 

3.7 

30 

31.82 

95., 

88 .o 

82.6 

75.4 

66.6 

56.9 

46., 

36.2 

26.3 

17., 

10 .i 

4., 

35 

42.18 

95.6 

88 .i 

82. 8 

75., 

66.9 

57 . 3 

47., 

36.8 

26.8 

17., 

10 ., 

4., 

40 

55.32 

95.6 

88 .! 

82.9 

75.8 

67.3 

57.7 

47.5 

37.., 

27.4 

18.o 

11.0 

4.8 

45 

71.88 

95.6 

88. 2 

83.o 

76.o 

67., 

58.i 

48.o 

37.8 

27. 9 

18.6 

11.4 

5., 

50 

92.51 

95.6 

88.2 

83.i 

76.2 

67.9 

58.6 

48.6 

38.3 

28.6 

19.o 

11.8 

5.4 

55 

118.0 

95., 

88.3 

83.2 

76., 

68.2 

58.9 

48.9 

38.9 

29.o 

19.6 

12.3 

5.8 

60 

149.4 

95.« 

88.3 

83.3 

76.6 

68.6 

59.3 

49.4 

39.4 

29.6 

20 . o 

12.7 

6.2 

65 

187.5 

95.6 

88.4 

83.4 

76.8 

68.8 

59.7 

49., 

39.9 

30.! 

20 ., 

13., 

6.6 

70 

233.7 

95.« 

88.4 

83.6 

77.o 

69.i 

60.! 

50.4 

40., 

30.6 

20.9 

13.6 

6.8 

75 

289.1 

95.6 

88.6 

83.6 

77.2 

69.5 

60.5 

50.8 

41.o 

31.i 

21.4 

14.„ 

7.2 

80 

355.1 

95.6 

88.6 

83.8 

77., 

69.8 

60.# 

51.3 

41., 

31.7 

21.9 

14., 

7.6 

85 

433.6 

95.6 

88.6 

83.9 

77.6 

70., 

61. 3 

51.7 

42.! 

32.2 

22.4 

14.8 

7.8 

90 

525.8 

95.6 

88.6 

84.o 

77.8 

70., 

61.7 

52.2 

42.6 

32.7 

22.8 

15.2 

8.2 

95 

633.9 

95.6 

88.7 

84.! 

78.o 

70. r 

62. 2 

52.7 

43.i 

33.3 

23. (1 

15.7 

8.6 

100 

760.0 

95.« 

88.7 

84.2 

78.2 

71.o 

62.6 

53.i 

43.6 

33.8 

23.8 

16.i 

8.6 

105 

906.1 

95.6 

88.8 

84.3 

78.4 

71., 

63.i 

53. fi 

44 . 2 

34.3 

24.3 

16.6 

9.3 

110 

1075. 

95.6 

88 .s 

84.4 

78.6 

71.7 

63.4 

54.! 

44.7 

34.9 

24.8 

17.o 

9.8 

115 

1268. 

95.6 

88.8 

84.6 

78.8 

72.o 

63.8 

54.6 

45.2 

35.4 

25.2 

17.4 

9.9 

120 

1489. 

95.6 

88.9 

84.7 

79.o 

72., 

64.2 

55.o 

45.7 

35.9 

25. 7 

17.8 

10.8 

125 

1741. 

95.« 

88.9 

84.8 

79.2 

72., 

64.6 

55.6 

46.3 

36.5 

26.2 

18.3 

10.6 

130 

2026. 

95.6 

89.o 

84.9 

79.4 

72., 

65.o 

55.9 

46.8 

37.o 

26.7 

18.7 

11.0 

135 

2347. 

95.6 

89.o 

85.o 

79.6 

73.2 

65.4 

56.4 

47.3 

37.o 

27.i 

19.! 

11.3 

140 

2710. 

95.« 

89.i 

85. t 

79 . 8 

73.5 

65.8 

56.8 

47.8 

38.i 

27* 

19.6 

11.7 

145 

3117. 

95.6 

89.i 

85.2 

80.o 

73 . 8 

66.2 

57.3 

48.3 

38.6 

28.i 

19.9 

12.0 

150 

3570. 

95.6 

89.2 

85.3 

80. 2 

74.2 

66 .e 

57.8 

48.8 

39.i 

28.6 

20.4 

12.4 


their accuracy depends upon the accuracy with which the isotherms of log 
R.V.P. versus concentration were located when they were extrapolated to 
zero concentration. We estimate that the probable error involved when 
reading the log of R.V.P. from these isotherms is not more than 0.005 units, 
which introduces approximately 1 per cent error in the relative and absolute 
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vapor pressures. For the concentrations from 30 per cent to 65 per cent 
whose relative vapor pressures were obtained as described, the probable 
error is not more than 0.3 per cent. Since the pressures for 70 per cent 
were obtained by extrapolation, their accuracy is probably not better than 
1 per cent. 

Table 3 compares our values at 25°C. with those of Hepburn, Wilson, 
and Greenewalt. A comparison with the values of Wilson and Greene¬ 
walt at higher temperatures seems to show better agreement between our 
values and those of Greenewalt, although in many instances our values are 
intermediate between those of Wilson and Greenewalt. 

TABLE 3 

Comparative 25° isotherm 


Rounded concentrations Pressures in millimeters of mercury 


SULFURIC ACID 

OUR VALUES 

VALUES OF WILSON 

VALUES OF 
GREENEWALT 

VALUES OF 
HEPBURN 

per cent 

10 

22 7 

22 8 

22 4 

22 7* 

20 

20 9 

21 0 

20 8 

20 9* 

25 

19 6 

19 7 

19 4 

19 6* 

30 

17 9 

17 9 

17 8 

17 8 

35 

15 8 

15 8 

15 8 

15 8 

40 

13 4 

13 5 

13 5 

13 4 

45 

11 0 

11 1 

10 9 

10 9 

50 

8 48 

8 7 

8 45 

8 36 

55 

6 13 

6 3 

6 15 

6 05 

60 

3 94 

4 1 

3 97 

3 95 

65 

2 30 

2 3 

2 24 

2 14 

70 

0 88 

1 2 

1 03 

0 88 

75 


0 55 

0 41 

0 41 

80 


0 19 

0 12 

0 13 


' Agree with the values obtained from the data of Grollman and Frazer (10). 


RELATED THERMAL DATA 

The heat of vaporization of water from an aqueous solution of sulfuric 
acid may be calculated from our vapor pressure data by the aid of the 
Clausius-Clapeyron equation in its approximate form 


d In P Q 
d T RT * 


( 1 ) 


Here Q is the heat absorbed in the evaporation of one mole of water from 
a large amount of solution so that there is no accompanying change in con¬ 
centration This is equal to the heat effects involved in removing one mole 
of liquid water from the solution and evaporating it. If we assume Q to be 
constant, we may integrate and obtain the equation: 
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log P - —-(- B (2) 

6 2.3 RT^ 

Upon plotting log P versus l/T we obtain a line whose slope is - The 

2.0x1 

heat of vaporization, however, and in consequence the slope, is known to 
decrease with increasing temperature, attaining the value zero at the 
critical temperature. 

The graphs of our results showed that the slopes of these curves were 
functions of the concentration as well as the temperature. The slope and 
the heat of vaporization increase with the concentration of sulfuric acid, 
since more work is required to remove water from a solution of greater con¬ 
centration (cf. Greenewalt 2) The heat of vaporization at a given tem¬ 
perature could be calculated from the slope at that temperature. Since, 
however, the slope changes with temperature, it is best that there be 
chosen a small temperature interval to obtain the slope from the ratio 


TABLE 4 

Heat s of vaporization for sulfuric acid-water solutions 
* Q (calories per gram) = A t °C + B 




£ 

f- 

/• 

p 

P 

P 

s 

£ 

£ 

£ 

£ 

£ 

£ 



e 

B 

S 

« 

w 

w 

H 

B 

B 

W 

W 

H 


OS 

as 

as 

os 

K 


as 

as 

as 

OS 

as 

OS 

as 


H 

B 

B 

w 

w 

» 

§3 

w 

a 

a 

u 

H 

a 


* 

o 

8 


O 

c* 

m 

e*S 


9 

s 


8 

2 

£ 

A 

- 61 

- 61 

- 61 

■ 

~ 61 

- 61 

61 

- 61 

- 61 

- 61 

- 61 

- 61 

- 68 

- 95 

B. 

597 

597 

599 

601 

604 

610 

618 

626 

634 

644 

655 

690 

754 


AlogP rpj ie va j ues () f a i 0 g p a nd A l/T, however, can be made neces- 
A l/T 

sarily small only at the sacrifice of the accuracy of the ratio. 

In order to avoid this difficulty the method of calculating the heats of 
vaporization was modified Since Q is a function of the rate of change 
of log P with l/T it follows that for two substances the ratio of the heats 
of vaporization at a given temperature is equal to the ratio of their rates 
of change of log P at that temperature Furthermore, the interval deter¬ 
mining the rate of change of log P need not be necessarily small. This 
is shown as follows: For the first substance 


Qi 


2 3 RT 2 d log Pi 

ar 


and for the second substance 

2.3 RT 2 d log P* 
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Then at the same temperature the ratio of the heats of vaporization 

Qi 2.3 RT* d log Pi ^ d log Pi = A log Pi 
Qt " 2.3 RT* d log P t " d log P* “ A log P, 

By substituting the values for water for Q 2 and A log P 2 obtained from 
the International Critical Tables and our data for A log Pi for intervals of 
5°C. we calculated the heats of vaporization of water from the acid solu¬ 
tions. The values so obtained were next smoothed by plotting them as 
a function of the temperature. In drawing these curves it was borne in 
mind that the heat of vaporization for a solution must decrease at a rate 
not less than that for water. If this were not so the log P versus 1 /T curve 
for a solution would intersect that for water at some temperature. Our 
smoothed heats were found to be represented by a linear equation whose 
constants are given in table 4. By means of this equation the heats of 
vaporization at a certain temperature may be calculated with an accuracy 
of approximately 1 per cent. Upon calculating the heats of vaporization 
from Greenewalt’s table we concluded that his table was not sufficiently 
accurate to show the required decrease with temperature. 

SUMMARY 

A redetermination of the aqueous partial pressures over aqueous sulfuric 
acid solutions has been made for concentrations up to 70 per cent H 2 S0 4 from 
20°C. to 140°C. For this purpose an isoteniscope was devised which could 
measure vapor pressures of solutions with no accompanying change in the 
concentration of the solution. From the observed data a table of relative 
vapor pressures has been compiled, from which table it is possible to as¬ 
certain the aqueous partial pressure for aqueous solutions of sulfuric acid 
between 0 per cent and 70 per cent H 2 S0 4 for any temperature from 20°C. 
to 140°C. inclusive. The heats of vaporization of water from solutions 
of the above range of concentration and temperature have been calculated 
and tabulated. 
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It is often difficult to employ the capillary rise method for the determi¬ 
nation of the interfacial tension of liquid-liquid interfaces. As a result 
of the work of Lohnstein (1) and of Harkins (2) on the modification of 
Tate’s law, the drop volume method is probably the most precise and uni¬ 
versally applicable substitute for use with this type of system. 

When the drop volume method is used, the drops must form under as 
nearly equilibrium conditions as possible. This makes it necessary that 
the drops form entirely without outside assistance and that they form slowly, 
the maximum rate of drop formation depending on the time necessary for 
the attainment of interfacial equilibrium. 

The purpose of the present study was to devise an apparatus for the 
convenient and accurate measurement of the interfacial tension of 
liquid-liquid systems, and to investigate the effect produced on the inter¬ 
facial tension of such systems by various concentrations of the salts of the 
lower fatty acids. It was hoped that such measurements might throw 
some light on the boundary effects of strong electrolytes in solution. 

APPARATUS AND EXPERIMENTAL PROCEDURE 

The apparatus, a diagram of which is shown in figure 1, was constructed 
of Pyrex glass. It consists of a storage reservoir (R), from which either 
phase may be transferred either to the pipette (P) or to the flask into which 
the drops fall. The pipette is connected by a length of capillary tubing 
to the carefully ground glass dropping tip (T) by means of a ground glass 
joint. The tip was machined in a lathe and the dropping surface was made 
perfectly plane and perpendicular to the sides. The plane surface of the 
tip was roughened to insure complete wetting by the dropping liquid. 
The reservoir, pipette, and dropping flask were all connected so that a 
closed, isobaric system resulted. All connections were made by means 
of greaseless stopcocks and ground glass joints. By means of a threaded 
adjustment (A) attached to the top of the Pyrex needle valve (V), the 
speed of flow could be easily and reproducibly controlled. 

The drops were caused to fall between two platinum electrodes (E) im¬ 
mersed in the oil phase. These electrodes were connected in series with 
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a 1000-cycle tuning fork oscillator and the input of a vacuum tube ampli¬ 
fier using a UX280 rectifying tube and a UX210 amplifying tube. A dia¬ 
gram of the apparatus is shown in figure 2. The output leads from the 
amplifier were connected to the primary winding of a transformer, the ratio 
of which was 1600 to 1. The secondary winding of this transformer was 
connected in series with a specially constructed hot wire galvanometer 
(figure 3). 



Fig. 1. Diagram of Interfacial Tension Apparatus 

The galvanometer consisted of a length of No. 40 B & S gauge iron wire 
(W), one end of which was attached to a binding post and the other near 
the center of the balance wheel of an alarm clock. The clock framework 
was attached to the wooden support by means of flat steel springs (S), In 
order to relieve the small wire of the necessity of maintaining the tension 
between the clock framework and the support, and also in order to provide 
a compensator for variations in room temperature, a length of No. 20 
gauge iron wire (C) was used. An aluminum wire (P) bearing a parchment 
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was suspended from springs supported from without the bath. Vibration 
was further reduced by placing the bath on a rubber foundation. 

The dropping pipette was carefully calibrated with both mercury and 
water at 40.00°C. The volume of the bulb between the calibration marks 
was found to be 21.1106 cc. The volume of the tube near the upper cali¬ 
bration mark was 0.3632 cc. per centimeter length, while the volume of the 
tube near the lower calibration mark was 0.3605 cc. per centimeter length. 
The height of the meniscus was read to 0.01 cm. by means of a cathetora- 
eter. The probable error in total volume is, therefore, of the order of 
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0.01 per cent. The diameter of the tip, measured by means of a precision 
micrometer, was 0.7042 cm. 

When making a measurement of interfacial tension the two liquids were 
first thoroughly mixed at 40.00°C. and placed in the reservoir. From the 
reservoir the aqueous phase was transferred to the pipette and the oil phase 
to the dropping flask. The volume of liquid which flowed through the 
dropping tip was determined by reading the height of the meniscus im¬ 
mediately following the fall of the drop just preceding the first drop 
counted, and following the last drop counted. The needle valve was not 
adjusted after a run was once started. 

The densities of the mutually saturated phases were determined at 
40.00°C., using Ostwald type pyknometers with ground glass caps. 

Mineral oil and toluene were used as the oil phases. The mineral oil 
was a good quality of medicinal oil. The toluene was washed with sulfuric 
acid and sodium hydroxide and was fractionally distilled. Only the 
middle fraction of the distillate, boiling between 109.8°C. and 109.9°C. 
at 748 mm., was used. 

The salts were carefully purified by repeated recrystallization from con¬ 
ductivity water. Conductivity water was used in making up all aqueous 
phases. 


RESULTS 

The interfacial tensions were calculated by use of the Harkins modifica¬ 
tion of the equation of Tate, 

V(d 2 - di) g & 
y -— 

in which V is the volume of the falling drop obtained by dividing the total 
volume of liquid by the number of drops, d 2 and d\ are the densities of the 
aqueous and oil phases respectively, g is the gravitational constant, and r is 
the radius of the tip. is the reciprocal of the V function of Harkins which 
is the fraction of the pendant drop which falls from the tip. The values 
of $ were read from a large graph of the data of Harkins (3) where <f> is 
plotted against r/V l, \ 

The data are tabulated in tables 1 to 4, and are shown graphically in 
figures 4 and 5. 

The interfacial tension of mineral oil-sodium acetate systems decreases 
hyperbolically with increasing sodium acetate concentration from zero to 6 
molal. Sodium formate, however, affects the interfacial tension quite 
differently in that there is a distinct minimum in the interfacial tension- 
concentration curve. At high concentrations of sodium formate the inter¬ 
facial tension is greater than at zero concentration. 

The interfacial tensions between sodium formate solutions and toluene 
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TABLE 1 


The interfacial tensions of aqueous sodium acetate-mineral oil systems at 40.00°C. 


SALT 

CONCENTRATION 

DROP VOLUME 

DENSITY 

AQUEOUS 

PHA8B 

DENSITY 

OIL PHASE 

* 

7 

moled 

0 00 

0 50779 

0 99222 

0 83892 

1.4928 

dynes per cm, 

51.52 

0 05 

0 48752 

0 99454 

0.83901 

1.4972 

50.34 

0 10 

0 45833 

0 99607 

0 83905 

1 5060 

48.05 

2 04 

0 28063 

1 07150 

0 83902 

1 5600 

45 14 

6 12 

0 18354 

1 16845 

0 83903 

1.6090 

43 13 


TABLE 2 


The interfacial tensions of aqueous sodium formate-mineral oil systems at 40 . 00 °C. 


SALT 

CONCENTRATION 

DROP VOLUME 

DENSITY 

AQUEOUS 

PHASE 

DENSITY 

OIL PHASE 

* 

7 

moled 

0 00 

CC 

0 50779 

0 99222 

0 83892 

1.4928 

iynee per cm 

51 52 

0 15 

0 47054 

0 99860 

0 83904 

1 5010 

49 98 

0 75 

0 40181 

1 02224 

0 83902 | 

1 5185 

49.56 

4 11 

0 24295 

1 12932 

0 83902 

1 5775 

49 33 

9 22 

*0 17435 

1 24922 

0 83906 

1 6145 

51 20 


TABLE 3 

The interfaiial tensions of aqueous sodium acetate-toluene systems at 40.00°C. 


SALT 

CONCENTRATION 

DROP VOIUME 

DENSITY 

\QUKOU8 

PHASE 

DENSITY 

OIL PHASE 

* 

7 

mulal 

0 00 

0 34863 

0 99064 

0.84027 

1 5345 

dynes per cm 

35 67* 

0 10 

0 30629 

0 99866 

0 84020 

1 5515 

33 39 

1 02 

0 27007 

1 03382 

0 84025 

1 5645 

36 27 

2 04 

0 22366 

1 07325 

0 84023 

1 5871 

36 68 


* Value listed in International Critical Tables =* 35.7. 


TABLE 4 


The interfacial tensions of aqueous sodium formate-toluene systems at 40.00°C. 


SALT 

CONCENTRATION 

DROP VOLUME 

DENSITY 

AQUEOUS 

PHASE 

DENSITY 

OIL PHASE 

* 

7 

molal 

0 00 

CC 

0 34863 

0 99064 

0 84027 

1 5345 

dynes per t,m. 

35 67 

0 75 

0 27827 

1 01315 

0 84020 

1 5605 

33 31 

3 00 

0 19208 

1 09135 

0 84020 

1.5800 

33.80 

9 22 

0 11629 

1 28660 

0 84025 

1 6483 

37 94 
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when plotted against the concentration of the salt give a curve of the same 
type as that obtained when mineral oil was used as the oil phase. Against 
toluene the sodium acetate solutions also yielded an interfacial tension 
curve which passes through a very abrupt minimum. 

The only value listed which may be strictly compared with accepted 
values is that of toluene against water. The International Critical Tables 
list the interfacial tension of this system at 40.00°C. as 35.7 dynes per 



Fig 4. The Effect of Sodium Acetate and Sodium Formate on the 
Interfax ial Tension of Water-Mineral Oil Systems 


centimeter, while three consecutive determinations with the apparatus de¬ 
scribed yielded values of 35.66, 35.67, and 35.67 dynes per centimeter. 

DISCUSSION 

t 

The lowering of the interfacial tension of water-oil systems by low 
concentrations of salts of the lower fatty acids is to be expected, but the 
striking effect of high concentrations of these salts in raising the interfacial 
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tension is a phenomenon which apparently has not been observed by previ¬ 
ous workers. This type of behavior cannot be satisfactorily explained 
without some modification of the present theories of the surface effect of so¬ 
lutes. The results of Traxler and Pittman (3), which show exactly the same 
effect for sodium chloride on the interfacial tension of water-asphalt 
systems, suggest that the correct explanation will be based on the electrical 
forces acting between ions in the interface. 



Fig. 5. The Effect of Sodium Acetate and Sodium Formate on the 
Interfacial Tension of Water-Toluene Systems 

van der Waals in his accepted theory of surface tension at the liquid- 
vapor interface makes the assumption that the liquid and vapor pha°es 
are separated by a boundary layer of finite thickness in which the properties 
change gradually from those of the pure liquid on one side to those of the 
vapor on the other side. We may assume a similar boundary layer between 
two immiscible or partially miscible liquids. In this case, the two phases 
are the mutually saturated solutions, and the properties such as composi- 
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tion, density, and dielectric constant gradually change through an inter¬ 
facial layer of finite thickness from those of one phase to those of the other. 

According to the accepted theories of the surface effects of solutes, fatty 
acids or their ions orient themselves in the interfacial layer. Thus the ace¬ 
tate ions become concentrated in the interfacial layer, the hydrocarbon end 
tending to turn toward the oil and the carboxyl group toward the water. 
However, the exact location of the ions in the interfacial layer is determined 
as the resultant of three forces. The attraction of the oil phase for the 
hydrocarbon end of the ion tends to pull it up into the oil-like portion of the 
boundary layer. This force is opposed by the attraction of the water phase 
for the carboxyl end of the ion and by the electrostatic attraction of the 
sodium ion, which is hydrophilic and tends to remain in the water phase. 
Under a given set of conditions the acetate ions assume a certain equilib¬ 
rium level in the interfacial layer, depending upon the equality of the op¬ 
posing forces. Decreasing the concentration of the salt in the water phase 
increases the attraction of the water phase for the carboxyl group and shifts 
the equilibrium position toward the water-like side of the interfacial layer. 
On the other hand, increasing the concentration of salt decreases the attrac¬ 
tion of the water phase for the carboxyl end of the ion, and the equilibrium 
position shifts toward the oil-like side of the interface. 

The acetate ions and other fatty acid ions exert two opposing effects on 
the interfacial tension. By concentrating in the interface they decrease 
the attraction of the surface layer elements for each other and thus tend 
to decrease the interfacial tension as do the corresponding free fatty acids. 
On the other hand, oriented negative ions held at a certain equilibrium 
level in the boundary layer attract sodium or other positive ions into the 
boundary layer. The sodium ions occupy positions a little nearer the water 
side of the interface, each sodium ion occupying a mean position equidis¬ 
tant from two or more acetate ions. This effect gives rise to an increased 
attraction between the surface layer elements and, therefore, to an increased 
interfacial tension. 

At low salt concentrations, the tension lowering effect predominates 
because, as pointed out above, the equilibrium position of the acetate ion 
is shifted toward the water side of the interface where the dielectric constant 
is high and the at traction between oppositely charged ions is correspondingly 
small. Furthermore, much of the effect at low salt concentrations may 
be due to free acid formed by hydrolysis. Undissociated free acid would 
have no tendency to raise the interfacial tension. 

At high salt concentrations the acetate ions are shifted toward the oil¬ 
like side of the boundary layer. In this region, owing to the much lower 
dielectric constant, the attraction between the oppositely charged ions 
becomes much greater. For this reason, the tendency of fatty acid ions 
to increase the interfacial tension is greater at high concentration, and it 
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may become even greater than the lowering effect, resulting in a system 
which has a higher interfacial tension than at zero salt concentration. In¬ 
terfacial tension is defined as the work done in creating one square centi¬ 
meter of fresh interface. It is evident that more work would be necessary 
if there were more closely attracted ions in the boundary layer. 

On the basis of this hypothesis, the interfacial tension-concentration 
curves for sodium acetate and sodium formate would be expected to cross. 
At low concentrations the interfacial tension lowering should be greater 
for the acetate than for the formate, owing to the fact that the surface 
activity of the fatty acids increases with increasing molecular weight. At 
higher concentrations where the tendency of the ions to increase the inter¬ 
facial tension becomes an important factor, the attraction of the oil phase 
for the hydrocarbon end of the ion would be greater for the acetate ion 
than for the formate ion. At equal surface concentrations, therefore, the 
equilibrium position of the acetate ion would be nearer the oil side of the 
boundary layer. This would lead to a greater increase in the interfacial 
tension of the acetate solution. Owing to the fact that the acetate ions are 
more highly adsorbed in the interface than the formate ions, the tendency 
of the sodium acetate to increase the boundary tension would be expected 
to appear at*a lower total salt concentration. 

The effect of most strong electrolytes in increasing the surface tension 
of water may be due to a similar type of effect. The less hydrophilic ion, 
or the ion which has the greater escaping tendency from the aqueous phase, 
would occupy a position in the boundary layer somewhat nearer the non- 
aqueous phase than would the more hydrophilic ion, the equilibrium posi¬ 
tion of both ions shifting toward the non-aqueous phase with increasing 
electrolyte concentration in the aqueous phase. Thus the same electrical 
forces which have been postulated in the case of the sodium acetate and 
sodium formate solutions would be set up in the boundary layer separating 
any aqueous solution of a strong electrolyte from a non-aqueous phase in 
which the electrolyte is practically insoluble. Under such conditions the 
tension raising effect of the electrolyte should increase with increasing con¬ 
centration of electrolyte and with increasing difference between the hydrq- 
philic properties of the two ions. 

SUMMARY 

By means of a specially designed apparatus the drop volume method 
of measuring interfacial tensions has been employed to yield very accurate 
results. 

The effect of sodium acetate and of sodium formate on the interfacial 
tension of oil-water systems is very different from that of the free acids. 

An attempt to explain the effect of these salts has been made on the basis 
of the Langmuir theory of molecular orientation and the increased inter- 
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ionic attraction in the interface due to the dielectuc constant gradient in 
the interfacial layer. 

The effect of strong electrolytes in general on boundary tension may be 
explained in a similar manner. 
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A great deal of study has been made of organic liquid-aqueous solution 
interfaces by Reynolds (1), Harkins (2), Morgan (3), and others. In a 
recent publication by Fversole and Dedrick (4) it is shown that the sodium 
salts of formic and acetic acids affect the interfacial tension of water-oil 
systems in a rather unexpected way. It is shown that when the interfacial 
tension of the system is plotted against the concentration of the solute in 
the aqueous phase the curve obtained passes through a minimum and that 
at higher concentrations the interfacial tension is greater than at zero con¬ 
centration. 

The purpose of the present investigation was to extend the previous work 
(4) to other systems in an attempt to ascertain whether or not the effects 
noted in it are general. 


APPARATUS AND MATERIALS 

The apparatus is essentially that used in the work described above (4) 
except that it has been much simplified and that refinements have been 
made in the drop counting device. The diagram of the apparatus is shown 
in figure 1. It consists of a storage reservoir (R) from which the aqueous 
phase is transferred to the pipette (P) by suction. From the pipette, the 
solution passes through a needle valve (V) to the tip (T) from which it 
drops while at equilibrium with the oil phase contained in the dropping 
flask (F). The speed of flow was controlled by the screw adjustment (A) 
attached to the top of the needle valve. The dropping tip was ground 
perfectly flat and perpendicular to the bore of the tube, after which the 
surface was roughened slightly to insure complete wetting by the liquid 
phase dropping from it. The tip is removable and is connected to the 
pipette by a ground glass joint (S). Greaseless stopcocks and ground glass 
joints were used in all parts of the system. 

The apparatus is mounted in a constant temperature air bath which 
was kept at 40.00° ± 0.05°C. All adjustments were made and the pipette 
refilled from outside the bath so that duplicate runs were made without 
the necessity of opening the thermostat. 
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The drop counting device is based on the same principle as that used in 
the previous work (4). An improved amplifier and a standard Fries 
weather recording device (figure 2) were used. With this apparatus a 
continuous twenty-four hour inked record could be made without attention 
from the operator. The current for operating (he recording device is con¬ 



trolled by a sensitive relay which is connected in the plate circuit of the 
amplifying tubes. 

The diameter of the dropping tip was carefully measured with a microm¬ 
eter and found to be 0.9156 cm. The volumes of the pipette between the 
calibration marks and of unit length of the tubing above and below the 
calibration marks were determined at 40°C. with mercury and with water. 
The level of the meniscus was read to 0.01 cm. by means of a cathetometer 
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which was placed outside the thermostat. Using the results of several 
measurements, all possible combinations of two simultaneous equations 
of the following form 

dV 

*d 

were solved for the values of V* and dV/dl. In the above equation, l is 
the distance between the initial and final heights of the meniscus minus 
the distance between the calibration marks, dV/dl is the volume per unit 
length of tube near the calibration marks, Vt is the volume of the pipette 
between the calibration marks, and V t is the total volume of liquid run out 
during the calibration. The total volume was determined from the weight 
and density of the liquid. The error in total volume is probably less than 
0.01 per cent. 



The benzene was of standard quality and free from thiophene. Only 
the middle fraction boiling at 79.8°C. at a pressure of 741 mm. was used. 
The sodium acetate was Baker’s analyzed product which had been twice 
recrystallized from conductivity water. All solutions were made using 
conductivity water as a solvent. 


RESULTS 

Experimental measurements and calculations were carried out in (he 
manner described in the previous paper (4). Experimental results are 
given in table 1 and shown graphically in figure 3. 

At very low concentrations the interfacial tension of benzene-sodium 
acetate systems decreases markedly with increasing concentration of the 
salt. After passing through a decided minimum at about 0 1 molal, 
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the interfacial tension increases quite abruptly with a small increase in 
concentration. It then passes through a maximum, the value of which is 

TABLE 1 


The effect of sodium acetate on the inter facial tension of the benzene-water system at 40°C 


BALT 

CONCENTRATION 

DROP VOLUME 

di — di 

$ 

y 

molal 

0 0000 

CC 

0 46263 

0 13342 

1 5967 

dyne « per cm 

33 85 

0 1458 

0 42956 

0 13968 

1 6036 

32 80 

1 0555 

0 38010 

0 16419 

1 6129 

34 32 

2 3505 

0 31431 

0 20415 

1 6324 

35 71 

3 6572 

0 25835 

0 24465 

1 6485 

35 52 

4 1074 

0 24614 

0 24540 

1 6523 

34 02 

5 4112 

0 21195 

0 27915 

1 6608 

33 50 

7 1167 

0 17047 

0 33667 

1 6680 

32 64 



Fig 3. The Effect of Sodium Acetate on the Interfacial Tension of Water- 

Benzene Systems 


greater than the initial tension between benzene and water. It then de¬ 
creases hyperbolically as the solution becomes more nearly saturated. 

The only value obtained which may be strictly compared with accepted 
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values is that of benzene against water. The value listed in the Inter¬ 
national Critical Tables for this system at 40°C. is 33.84 dynes per centi¬ 
meter. The data presented herewith show the interfacial tension of this 
system to be 33.85 d>nes per centimeter. 

DISCUSSION 

The effect of sodium acetate on the interfacial tension of the water- 
benzene system may be satisfactorily explained by the theory advanced in 
the previous paper (4) for sodium acetate concentrations less than approxi¬ 
mately 2.5 molal. However, the secondary interfacial tension lowering at 
higher sodium acetate concentrations is a phenomenon which was not en¬ 
countered in the previous work, probably because the measurements with 
sodium acetate in the water-toluene systems were not extended to suffi¬ 
ciently high concentrations. 



Fig. 4. Diagram of Mean Positions of Effective Ions in Boundary Layer 

This secondary lowering effect is probably due to the fact that the ions 
in the boundary layer approach or enter the oil phase as the concentration 
of salt in the aqueous phase is increased. In this region, the ions tend to 
form doublets, owing to their greater electrostatic attraction for each other 
in the medium of much lower dielectric constant. When the tendency to 
form doublets becomes sufficiently pronounced, the salt in the boundary 
layer behaves essentially as a surface active non-electrolyte, lowering the 
interfacial tension. While other ions are present in the water-like portion 
of the boundary layer, it is probable that their distribution is sufficiently 
random to prevent any considerable increase in boundary tension due to 
their presence. 

The theory advanced in this and the previous paper (4) to explain the 
effect of strong electrolytes on the boundary tension of two phase systems 
is indicated in a purely diagrammatic way in figure 4. In this figure A 
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indicates the postulated mean positions of the effective ions which result in 
the initial boundary tension lowering, B indicates their mean positions 
for elevation of the boundary tension, and C represents their mean posi¬ 
tions when the secondary lowering is produced at high concentrations. 

It is to be expected that the salt concentration at which the minimum 
and maximum in the interfacial tension-concentration curve occur, and, 
therefore, the concentration at which the secondary lowering begins, de¬ 
creases as the tendency of the negative ion to pass into the non-aqueous 
phase increases. This statement is borne out by the results given in the 
previous paper (4) on the water-toluene system. Thus in dealing with 
the sodium salts of the fatty acids, the positions of the minimum and of the 
maximum points on the curves would shift to lower salt concentrations as 
the molecular weight of the fatty acid ion is increased. This is probably 
the reason that a similar type of effect has not been discovered for the soaps 
on the boundary tension of water-vapor and water-oil systems. The 
minima and maxima probably occur at such low concentrations that only 
the secondary lowering effect has been observed. The fact that the nega¬ 
tive ions of the soap polymerize to form colloidal particles should not affect 
the mechanism of the boundary effect. The greater tendency of acetate 
ions to pass into mineral oil rather than into toluene or benzene may explain 
the failure to observe a minimum and a maximum in the sodium acetate 
curve for the water-mineral oil systems in the preceding work (4). 

In general the concentration at which the minimum and maximum occur 
in any given system would be expected to increase with rising tempera¬ 
ture, owing to the increased thermal agitation of the ions in the boundary 
layer. 

It seems probable that this proposed mechanism will be sufficient to ex¬ 
plain the effect of all strong electrolytes on the boundary tension of their 
aqueous solutions. Thus, any solute which is a strong electrolyte when 
dissolved in water will cause the initial lowering of interfacial tension and 
the subsequent increase at higher concentrations, provided one ion has a 
greater tendency than the other to leave the aqueous phase and go into the 
non-aqueous phase. This is strikingly illustrated by the results of measure¬ 
ments by Traxler and Pittman (5) of the effect of dissolved sodium chloride 
on the boundary tension of water-asphalt systems. Failure to observe this 
effect for many other electrolytes is probably due to the fact that careful 
measurements have not been extended to sufficiently low concentrations. 

After the initial decrease and subsequent increase in boundary tension, 
the effect of strong electrolytes at still higher concentrations depends on an 
additional factor. This factor is the tendency of the electrolyte as a whole 
to pass through the boundary layer into the non-aqueous phase as doublets 
or undissociated molecules. If this tendency is appreciable, the secondary 
lowering effect will be obtained. Otherwise, the boundary tension will 
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continue to rise with increasing electrolyte concentration in the aqueous 
phase. Thus, salts of most organic acids probably give the secondary 
lowering effect at the water organic liquid boundary on account of their 
tendency to pass into the organic liquid as undissociated molecules. Salts 
of organic acids which are very soluble in water probably do not give the 
secondary lowering effect at the water-vapor boundary. However the 
soaps do give this effect, owing to their tendency to form a third phase on 
the vapor side of the boundary layer. 

Of the inorganic electrolytes, hydrogen chloride, hydrogen bromide, 
hydrogen nitrate, hydrogen sulfate, and other electrolytes which tend to 
pass into the vapor phase as undissociated molecules, exhibit the secondary 
tension lowering effect at the water-vapor boundary at high concentra¬ 
tions. Non-volatile electrolytes, including practically all salts, increase 
the surface tension of water at high concentrations. The increase, as has 
been mentioned previously, depends <>n the difference between the tend¬ 
encies of the two ions to leave the aqueous phase as ions. 

Other phases of the problem of boundary phenomena are being investi¬ 
gated as rapidly as is possible both in this laboratory and at the State 
University of Iowa. 

SUMMARY 

1. Accurate measurements have been made of the effect of dissolved 
sodium acetate on the interfacial tension of the water-benzene system. 

2. The curve obtained by plotting the interfacial tension of this system 
against the concentration of sodium acetate shows, at high concentrations, 
a secondary tension lowering effect which has not been observed in previous 

work. 

3. The theory of Eversole and Dedrick has been extended to include 
the boundary effects of strong electrolytes at higher concentrations. 

4. The effects noted in this work appear quite analogous to those de¬ 
scribed by Taylor (6) in his theory of activated adsorption of gases by 

solids. 


The authors wish to express their sincere appreciation for the very valu¬ 
able suggestions and criticisms given by Dr. W. G. Eversole of the State 
University of Iowa. 
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L*Architecture de VUnivers. By P. Couderc. Paris: Encyclopedic Gauthier 
Villars, 1930. 

As the title indicates, the present volume, No. 6 in the series, attempts to describe 
the structure of the visible universe, but a glance at the table of contents indicates 
that the development of the universe also is included—in its widest cosmogonical 
aspects. It is not meant as a text book, and indeed it more resembles a collection of 
selected chapters, the first of which, without much preliminary, really disposes of 


the question of the structure of our Milky Way system. 

A second chapter is devoted to a description of methods, terminology, and some 
related chemical and physical facts and laws. Chapter III treats of the spectral 
classification in detail and more specifically of the now defunct theory of stellar 
evolution, while chapter IV continues this with the Laplace-Jeans theory of the evolu¬ 
tion of spiral nebulae, and Jeans’s tidal theory for the origin of the planets. With a 
rather prolonged excursion into the geological evidence for the age of the earth, the 
probable ages of the Btars and the time scale of the universe derived from double 
stars and clusters are discussed. This naturally leads to relativity, and its bearing 
upon astronomical «pace and cosmogony. The last two chapters deal with cosmic 

rays and the problem of life outside the earth. 

The work is illustrated by eight excellent full-page photographs of star fields, 
clusters, and spiral nebulae. The principal criticism that might be advanced against 
it is that nearly all theories are presented as if they were final, without much com- 
ment or critical analysis. Thus, on p. 144 it is stated quite calmly that epidemics of 
“grippe” on the earth may well have a cosmic origin. An unfortunate shp on p. 103 
states that the inclination of the earth's axis on the ecliptic varies in 26,000 years, and 

this may explain the periodic return of glacial epochs. ttyticn 


Annual International Tables of Constants and Numerical Data Chemical • 

Biological, and Technological. Paris: Gauthier Villars et Cie. New York. 

Vdume’v'lH^IAterature of im-%8 (published 1931-32) 4-to Part I. xl + 1101 pp. 

T.bW (published W30). *-«» *>«, PP- 
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project a success, and he merits the sincere thanks of all workers in the field of the 
chemical and physical sciences. 

The scope of the work as represented in the earlier publications is so well known to 
scientists that an extended review of the present volumes is unnecessary. In these 
days when scientific data are scattered through a thousand “journals” it becomes 
imperative that someone undertake the task of collecting those data which appear 
to possess more or less permanent value arid making them available to the researcher 
in some such form as those publications represent. 

It is a necessary consequence of this type of publication that volumes such as these 
should be rather expensive. However, their cost would represent an insignificant 
fraction of the cost of the time which the industrial or research worker without them 
would spend in searching the literature, so that the initial cost for their purchase will 
eventually be returned manyfold. It is an interesting commentary on human nature 
that the governing body of an organization will often quibble over a very moderate 
expenditure for books and at the same time spend without a question thousands of 
dollars for machinery, equipment, or new personnel. The library is the heart of a 
university or of a research laboratory, and volumes such as these are an invaluable 
adjunct to abstract journals. 

Special attention should be called to the index volumes, the first being a collec¬ 
tive index for Vols. I to V. More than twenty thousand substances are classified 
here. It contains (1) an analytical index alphabetically arranged in four languages 
(in parallel columns), (2) an alphabetical index of all substances (animal, plant, 
mineral, technologic products, etc.) including many chemical “trade names” which 
the chemist does not always associate with the chemical formula, and (3) a formula 
index, (arranged according to empirical formulas) of all definite chemical compounds. 

These volumes, and those which preceded and those which will follow, should be 
on the shelves of every reference library and of the library of every research institu¬ 
tion. Special prices may be secured by taking advantage of the subscription rates. 
Incidentally, it may be noted that certain sections (note, e.g. f section on spectro¬ 
scopic data noted above) may be purchased separately if purchase of the entire 
volume is not desired. 

Ross Aiken Gortner. 

Einfuhrung in die Elektronik. By O. Klemperer. 25.5 X 17 cm.; xii + 304 pp. 

Berlin: Springer, 1933. Price: unbound, 18.60 marks; bound, 19.80 marks. 

The sub-title is “The experimental physics of the free electron in the light of 
classical theory and of wave mechanics.” The experimental side of the subject is 
stressed throughout, the mathematical and theoretical sides being merely quoted 
in sufficient detail to give point to the story. Problems involving relatively abstruse 
sections of electron-gas kinetic theory are handled either very briefly, or not at all; 
there is, for example, no mention of thermoelectricity. 

So far as concerns the mere experimental side of our acquaintance with the proper¬ 
ties of the negative electron, the book may not inaptly be described as a small “En¬ 
cyclopaedia Electronica.” It deals with a wide range of very diverse phenomena, 
here grouped for convenience—and of necessity somewhat arbitrarily—under three 
main headings: (1) the free electron; (2) electron emission; and (3) interaction 
between free electrons and atoms. The treatment, in a single volume of this size, 
is naturally not exhaustive (in the account of Millikan’s oil-drop experiments, for 
instance, the question of the validity of Stokes’ law is dismissed in a brief footnote), 
but the text is supplemented by well-chosen references to original papers. 

The value of the work is enhanced, for many classes of readers, by the inclusion of 
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a good selection of numerical tables, ranging from atomic structure factors to data 
on sensitivities of photographic emulsions to electrons of different speeds. The 
numerical data quoted are generally based on the most recent determinations of 
the relevant fundamental constants—though, as a minor criticism, it appears some¬ 
what inconsistent to quote the round figure of 300 volts as the equivalent of 1 
e.s.u. of potential difference, while stressing the distinction between absolute and 
international electrical units. 

Taken as a whole, the book may be recommended as an excellent introduction to 
—and, for non-specialists, an adequate summary of—the greater part of experi¬ 
mental electronics. There was a real need for a compilation of this character, and 
Dr. Klemperer’s book fills a very definite gap in the literature of his subject. 

H. R. Robinson. 


ActualiUs Scientifiques et Industrie lies, 51 el 52. By M. G. Urbain. Th6ories 
chimiques, publi6es sous la direction de M. G. Urbain. I et II. La coordination 
des atomes dans la molecule; la symbolique chimique. 51 and 52 pp. Paris: 
Hermann et Cie, 1933. Price: 12 francs each. 

In this beautifully and clearly written monograph, Professor Urbain, using a his¬ 
torical background, attempts to bring the theories of inorganic and organic chemists 
about the structure of chemical compounds to a common basis. In general, he 
thinks that the theories of structure in inorganic chemistry have rested on a molecu¬ 
lar pluraliste basis, beginning with the electrochemical theory of Berzelius, and, after 
that was abandoned following the discovery of substitution by Dumas, revived in a 
modified form many years later in the coordination theory of Werner. 

He thinks of the structures of organic chemists as referring everything to attrac¬ 
tions between atoms without any thought of electrical forces, beginning with the sub¬ 
stitutions of Dumas, through the types of Gerhardt—Laurent is not mentioned—and 
the atomic linkings of Kekul6. Frankland and Couper are omitted but a complete 
picture is not to be expected in so brief a monograph. 

Professor Urbain sums up his conclusions in three sentences, (p. 40, Part II): 
(l) Neutral molecules may be formed with electrovalent unions. (2) Neutral mole¬ 
cules may be formed with non-electrovalent unions. (3) When a molecule contains 
both electrovalent and non-electrovalent unions, such a molecule should be con¬ 
sidered as a complex molecule in which the constituent parts belong to the first two 


classes. 

\mong the “electrovalent” unions Professor Urbain includes the union between 
hydrogen and carbon in methane and many other unions which American and English 
chemists consider as covalent. He thinks of the electron as transferred from the 
hydrogen to the earbon and that there is hidden dissimule ionization in such cases 
(Part I p 26- Part II, pp. 19 and 21). In this he follows, without knowing it, the 
interpretation of Kossel’s electronic theory, which has been made the basis of ar¬ 
ticles in the Chemisch Weekblad by van Arkel and de Boer, published in a German 
translation. Such a point of view confuses covalences with genuine ionic valences, 
though the latter may be found in compounds in “semi-ionic unions and in com- 


Ple Cl0Mly connected with this confusion is his failure to see (Part I, p. 32 and else¬ 
where) that Meisenheimer has demonstrated that the fourth and fifth valences of 
quinquivalent nitrogen are different. The fourth is a covalence similar to the three 
4 v - * 0 the fifth is a positive ionic valence, 

covalences of am > 49) w hile he sees clearly that if the chlorine of 

a . ««l» <?*2 V;.r L . covalence to the »lln, atom that atom 

SKI™'“ .lead of oi.ht electron, in it. outer .hell, he ha. not undented 
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that when a sulfur atom takes on a t hird < on uNmut it becomes a positive ion, just as 
the nitrogen of ammonia becomes a positive ion when it takes on a fourth covalence. 

It was hardly to be expected that Professor Urbain should know that alkyl nitrites 
and the isomeric nitro compounds have quite different electronic structures. Ethyl 
nitrite is 


C 2 II 6 :0:N: :0 


and boils at 17°C. Nitroethane is 


: 0 : 

C 2 H 6 :N* :0 


and boils at 114°C. This makes his reasoning about the structure of these compounds 
fallacious (Part II, p. 26). Silver nitrite gives, with alkyl halides, alkyl nitro 
compounds by an electronic and molecular rearrangement. 

The author of the monograph seems (Part II, pp. 36-39) to confine the term 4 ^non- 
electro valent' , to bonds between atoms of the same kind. He is unable to furnish 
any definite electrical or electronic interpretation of such bonds, van Arkel and 
de Boer, in the book referred to, acknowledge the same difficulty. The theory of 
shared electrons proposed by G N. Lewis in 1916 gives a very satisfactory explana¬ 
tion for this difficulty, and that theory has been given a kinetic interpretation by 
Noyes, Campbell, Sidgwick, C. A. Knorr, and others, and a quantum mechanics 
interpretation by Slater, Linus Pauling, and others. That theory enables us to fore¬ 
see, instead of a single neutral methyl discussed by Urbain, three kinds of methyl 
for which there is good experimental evidence: positive methyl formed by the 
ionization of methyl iodide when the methyl adds to the sulfur atom in the formation 
of trimethylsulfonium iodide; neutral methyl with an odd electron formed by the 
electrolysis of sodium acetate and by dissociations; and negative methyl, formed 
by the ionization of one of the bonds of ethylene to permit the positive chlorine of 
hypochlorous acid to unite with it while the negative hydroxyl unites with the 
positive methyl. 

The most serious criticism of the book is the failure to make any reference to 
the theory of coordination proposed by Sidgwick, who ascribes it to covalences in 
his book on “The Electronic Theory of Valency.” Professor Urbain comes surpris¬ 
ingly close to this when he compares the stereochemistry of the optically active 
compounds of carbon with that of the optically active complexes. His ideas of non- 
electrovalent structures prevent him from reaching a satisfactory conclusion. Sidg¬ 
wick has presented an electronic theory based on that of Lewis and Langmuir which 
makes it applicable to all the chemical elements and all compounds. A somewhat 
modified exposition of that theory of inorganic complexes will be presented soon in 
The Journal of the American Chemical Society by the author of this review. 

W. A. Noyes. 
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from the Beattie-Bridgeman equa¬ 
tion of state, 995 

Fatty acids and mixtures of fatty acids, 
x-ray studies of, 257 

Ferrous carbonate, periodic precipita¬ 
tion of, 229 

Flotation, criticism of Ostwald's theory 
of, 815 

physical chemistry of, 623, 797, 805, 
815 

recovery of mineral particles of col¬ 
loidal size by, 597 

significance of contact angle in, 623 

Fluorescein dyes, photochemistry of, 
1123 

Formaldehyde, presence of, in rain 
water, 525 

Formation of emulsion particles, 279 

Fractional distillation, reversible, at¬ 
tempts to separate isotopes by, 397 

Freezing point diagram, binary, errors 
inherent in the usual determination 
of, 183 

point-solubility relations of geometri¬ 
cal isomers, 197 

points and osmotic pressures of lactose 
solutions, 847 

points of some thermometer calibra¬ 
tion standards for low temperature, 
609 

Fusion curves for the systems ammonia- 
propyl alcohols and ammonia-butyl 
alcohols, 303 

Gaseous reactions, mechanism of, 1169, 
1183 

Gases, behavior of, in their pressure- 
volume-temperature relations, ap¬ 
plication of the law of mathematical 
probability to, 645 
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Gases, compressibilities of, at low 
pressures, calculation of, from the 
Beattic-Bridgeman equation of 
state, 995 

easily sorbable, possible magnitude of 
the sorption error in measurements 
of, at low pressures, 1019 
Gel, silica, adsorption of radon by, 534 
Gels, silicic acid, effect of addition of 
some solutes on the time of set, 321 
Gelatin, pH of solutions of, 219 
Geometrical isomers, freezing point- 
solubility relations of, 197 
Glass, sorption of water vapor by, 47 
Glow discharge, chemical action in, 889, 
897 

Gold, solubility of oxygen in, 331 
-silver alloys, solubility of oxygen in, 
331 

Grignard solutions, photovoltaic effects 
in, 709 


Haber-Willstatter mechanism of enzyme 
reactions, 367 

Heat capacity data for durene, penta- 
methylbcnzene, stilbene, and di¬ 
benzyl, 253 

Heats of wetting of cellulose acetate by 
aliphatic alcohols and aromatic hy¬ 
drocarbons, 389 

Heptane-ethyl alcohol system, 87 

Homogeneous catalysis in the decom¬ 
position of methyl ethyl ether, 


1183 


Hydrates of aluminum, 483 
salt, transition points of, in various 
non-aqueous solvents, 511 
Hydrocarbons, aromatic, heats of wet¬ 
ting of cellulose acetate by, 389 
Hydrochloric acid solutions, magnetic 
susceptibilities of, 475 
Hydrogen mixtures, explosive, critical 
ignition of, 13 . . . 

peroxide, catalytic decomposition off, 
by colloidal platinum, effect of salts 


on, 977 _ . , , 

peroxide, interaction of ethyl alcohol 
and oxygen photosensitized by, 367 
Hypobromous acid and its anion, rate o 
bromate formation in aqueous solu¬ 
tions containing, 1037 


Ignition, critical, of explosive hydrogen 
mixtures, 13 

Induced reactions and the higher oxides 
of iron, 655 

Interfacial tension of benzene-water 
system, effect of sodium acetate on, 
1215 

Ions, alkali and alkaline earth, effect of, 
on adsorption of thorium B by silver 
bromide crystals, 1047 
alkali, coprecipitation of, with calcium 
oxalate, 443 

Iron, higher oxides of, and induced re¬ 
actions, 655 
-silicon alloys, 951 

Isoelectric point, determination of, 417 
Isomerism, dynamic, of the anisaldox- 
imes, 197 

Isomers, geometrical, freezing point-sol 
ubility relations of, 197 
Isothermal calorimeter for slow reac¬ 
tions, 1 

Isothermal, determination of, by the 
retentivity technique, 33 
vapor, on porous solids, influence of 
combined oxygen on the determina¬ 
tion of, 735 

Isotopes, attempt to separate by rever¬ 
sible fractional distillation, 397 

Jelly-forming systems, conductivity 
measurements of, 907 

Kohlschiitter’s silver sol, mechanism of 
formation of, 1009 

Lactose solutions, freezing points and 
osmotic pressures of, 847 
Law of mathematical probability, appli¬ 
cation of, to bchavio” of gases in their 
pressure-volume-temperature rela¬ 
tions, 645 

Liquid mixtures, binary, method for a 
more complete examination of, 233 
Lithium chloride solutions, magnetic 
susceptibilities of, 475 
metallic, solubility of, in liquid am¬ 
monia, 93 

Mathematical probability, application 
of the law of, to behavior of gases in 
their pressure-volume-temperature 
relations, 645 
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Magnetic susceptibilities of hydrochloric 
acid and lithium chloride solutions, 
475 

Measurements, conductivity, of thorium 
and other jelly-forming systems, 907 
Mechanism, Haber-Willstatter, of en¬ 
zyme reactions, 367 
of formation of Kohlschtittcr’s silver 
sol, 1009 

of gaseous reactions, 1169, 1183 
of the mutual coagulation process, 571 
Mercury, finely divided, r61e of, in the 
depolarizer of the standard cell, 271 
solubility of silver in, 405 
Metal-ammine type, methylamine com¬ 
plexes of, 779 

Metals, alkali, solid polyiodides of, 347 
Methanol, solubility of thiourea in, 693 
Method, ebullioscopic, for determining 
the equilibrium constant of esterifi¬ 
cation, 701 

Methyl alcohol, acidity of organic acids 
in, 787 

Methylamine, distribution of, between 
water and chloroform, 779 
complexes of the metal-ammine type, 
existence of, 779 

Migration studies with colloids, 553, 
571 

Mineral particles of colloidal size, re¬ 
covery of, by flotation, 597 
Minerals, finely-ground sulfide, surface 
actions of some sulfur-bearing or¬ 
ganic compounds on, 833 
Mixtures, binary liquid, a method for a 
more complete examination of, 233 
explosive hydrogen, critical ignition 
of, 13 

of fatty acids, x-ray studies of, 257 
of tartaric acid and aldehydes, forma- 
ti6n of sugars in, in tropical sunlight, 
745 

Molecular compounds, organic, absorp¬ 
tion spectra of a series of, 875 
weights of some dissolved substances, 
969 

Mutual coagulation process, mechanism 
of, 571 

Naphthalene, binary system of with 
m-nitrotoluene, 259 

Nitrogen dioxide, decomposition of, 889 


Nitrogen dioxide equilibrium, 889 
o-Nitrophenol, binary systems of, with 
m- and p-nitrotoluenes, 259 
m-Nitrotoluene, binary systems of, 259 
p-Nitrotoluene, binary systems of, 259 

Organic acids, acidity of, in methyl and 
ethyl alcohols, 787 
compounds of beryllium, 59 
compounds of beryllium, reactions of 
sulfur dioxide with, 171 
compounds, purification and physical 
properties of, 609 

compounds, sulfur-bearing, surface 
actions of, on finely-ground sulfide 
minerals, 833 

molecular compounds, absorption 
spectra of a series of, 875 
Osmotic pressures and freezing points 
of lactose solutions, 847 
Oxalate, calcium, adsorbent properties 
of, 443 

calcium, coprecipitation of alkali ions 
with, 443 

calcium, coprecipitation of anions 
with, 459 

calcium, monohydrate, water content 
of, 153 

Oxidation, auto-, of stannous chloride, 
375 

auto-, the initial act in, 209, 655 
carbon monoxide, oxide catalysts for, 
new method for the preparation of, 
615 

of carbon monxoide, catalytic activity 
of chromites for, 685 
Oxide catalysts for the carbon monoxide 
oxidation, new method for the prep¬ 
aration of, 615 
Oxides of aluminum, 483 
of iron, higher, and induced reactions, 
655 

Oxygen and ethyl alcohol, interaction of, 
photosensitized by hydrogen per¬ 
oxide, 367 

combined, influence of, on the adsorp¬ 
tion of vapors by porous solids, 505 
combined, influence of, on the deter¬ 
mination of vapor isothermals on 
porous solids, 735 

solubility of, in gold and in certain 
silver-gold alloys, 331 
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Ozone, decomposition of, by alpha par¬ 
ticles and by thermal means, 533 

Particles, alpha, decomposition of ozone 
by, 533 

Partition of associating substances, rule 
for expression of, 991 
Periodic precipitation of ferrous carbon¬ 
ate, 229 

pH of gelatin solutions, 219 
Phase rule equilibria of acid soaps, 675 
Phosphorus, liquid compounds of, re- 
fractivities of, 583 

Photochemical reaction of the autoxida- 
tion of stannous chloride, 375 
Photochemistry of fluorescein dyes, 1123 
Photosynthesis in tropical sunlight, 
525 

Photovoltaic effects in Grignard solu¬ 
tions, new observations and a pos¬ 
sible theory of, 709 

Platinum, colloidal, effect of salts on 
catalytic decomposition of hydrogen 
peroxide by, 977 

Polyiodide, solid, of ammonium, 29 
Polyiodides of cesium, solid, 21 
solid, of the alkali metals, 347 
Porous solids, influence of combined 
oxygen on the adsorption of vapors 
by, 505 

Potassium laurate, acid, 675 
Precipitates, freshly prepared, internal 
structural changes on aging of, 723 
Precipitation, periodic, of ferrous car¬ 
bonate, 229 

Pressure, constant, measurement of the 
rate of adsorption at, 381 
Pressures, vapor, of solutions, simple 
method for accurate determinations 
of, 495 

Primary salt effects, 437 
Probability, mathematical, application 
of the law of, to behavior of gases in 

their pressure-volume-temperature 

relations, 645 

Promoter action in catalytic decomposi¬ 
tion of sodium hypochlorite solu¬ 
tions, 917 

Propyl alcohols-ammonia systems, fu¬ 
sion curves for, 303 

Protein systems, activity coefficient of 
thallous chloride in, 935 


Radiochemical catalyst, efficiency of 
carbon dioxide as, 53 
Radon, adsorption of, by silica gel, 534 
Rate of adsorption at constant pressure, 
measurement of, 381 
of bromate formation in aqueous solu¬ 
tions containing hypobromous acid 
and its anion, 1037 

Reaction, photochemical, of the autoxi- 
dation of stannous chloride, 375 
Reactions, enzyme, Haber-Willstatter 
mechanism of, 367 

gaseous, mechanism of, 1169, 1183 
induced, and the higher oxides of iron, 
655 

slow, isothermal calorimeter for, 1 
Refractivities of liquid compounds of 
phosphorus, 583 

Retentivity technique for the determina¬ 
tion of isothermals, 33 

Salt effects, primary, 437 
hydrates, transition points of, in vari¬ 
ous non-aqueous solvents, 511 
solution, mixed, electrical conduc¬ 
tivity of, 79 

Salts, copper, colors of, 1061 
effect of, on catalytic decomposition of 
hydrogen peroxide by colloidal plat¬ 
inum, 977 

Silica gel, adsorption of radon by, 534 
Silicates, dissolved, influence of small 
amounts of, on the conductance of 
conductivity water and very dilute 
solutions of electrolytes, 765 
Silicic acid gels, effect of addition of some 
solutes on the time of set, 321 
Silicon-iron alloys, 951 
Silver bromide crystals, effect of alkali 
and alkaline earth ions on adsorption 
of thorium B by, 1047 
-gold alloys, solubility of oxygen in, 
331 

sol, Kohlschtitter's, mechanism of 
formation of, 1009 
solubility of, in mercury, 405 
Size of emulsion particles, 279 
Soaps, acid, phase rule equilibria of, 675 
Sodium acetate, effect of, on interfacial 
tension of benzene-water system, 
1215 

amalgams, liquid, 431 
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Sodium, atomic mass of, 923 
disilicafcc-sodium fluoride system, 1103 
fluoride-sodium disilicate system, 1103 
hypochlorite solutions, promoter ac¬ 
tion in catalytic decomposition of, 
917 

Sol, Kohlschtitter’s silver, mechanism of 
formation of, 1009 

Solids, porous, influence of combined 
oxygen on the adsorption of vapors 
by, 605 

porous, influence of combined oxygen 
on the determination of vapor iso¬ 
thermals on, 735 

sorption of vapors by, new method of 
obtaining data for, 361 

Solubility-freezing point relations of 
geometrical isomers, 197 

Solubility of acetyl-o-toluidinc in vari¬ 
ous solvents, 1087 

of oxygen in gold and in certain silver- 
gold alloys, 331 
of silver in mercury, 405 
of thiourea in water, methanol, and 
ethanol, 693 

Solutes, effect of addition of, on the time 
of set of silicic acid gels, 321 

Solution, mixed salt, electrical conduc¬ 
tivity of, 79 

Solutions, aqueous, containing hypo- 
bromous acid and its anion, rate of 
bromate formation in, 1037 
aqueous, of sulfuric acid, partial pres¬ 
sures of water in equilibrium with, 
1191 

gelatin, pH of, 219 

Grignard, photovoltaic effects in, 709 
lactose, freezing points and osmotic 
pressures of, 847 

of electrolytes, dilute, influence of 
small amounts of dissolved silicates 
on the conductance of, 765 
sodium hypochlorite, promoter action 
in catalytic decomposition of, 917 
vapor pressures of, simple method for 
accurate determinations of, 495 

Solvents, non-aqueous, transition points 
of salt hydrates in, 511 
various, solubility of acetyl-o-toluidine 
in, 1087 

Sorbable gases, possible magnitude of the 
sorption eiror in measurements of, 
at low pressures, 1019 


Sorption error, possible magnitude of, 
in measurements involving easily 
sorbable gases at low pressures, 1019 
of vapors by solids, new method of 
obtaining data for, 361 
of water vapor by glass, 47 
process, discontinuities in, 41 
Spectra absorption, of a series of organic 
molecular compounds, 875 
Stability of emulsion particles, 279 
Standard battery, 489 
cell, r61e of finely divided mercury in 
the depolarizer of, 271 
cells, diffusion in, 245 
Standards, thermometer calibration, for 
low temperature, freezing points of, 
609 

Stannous chloride, autoxidation of, 133, 
375 

State, Beattie-Bridgeman equation of, 
calculation of expansion coefficients 
and compressibilities of gases at low 
pressures from, 995 
Stilbene, heat capacity data for, 253 
Substances, associating, rule for expres¬ 
sion of partition of, 991 
Sugars, formation of, in mixtures of tar¬ 
taric acid and aldehydes in tropical 
sunlight, 745 

Sulfate, copper, transformation tempera¬ 
ture of, change in with the solvent 
medium, 521 

Sulfide minerals, finely-ground, surface 
actions of some sulfur-bearing or¬ 
ganic compounds on, 833 
Sulfur dioxide, reactions of, with organic 
beryllium compounds, 171 
Sulfuric acid, aqueous solutions of, par¬ 
tial pressures of water in equilibrium 
with, 1191 

Sunlight, tropical, formation of sugars in 
mixtures of tartaric acid and alde¬ 
hydes in, 745 

Synthesis, carbon tetrachloride, reac¬ 
tions of, 1135 

System ammonia-water, 101 
benzene-water, interfacial tension of, 
effect of sodium acetate on, 1215 
ethyl alcohol-n-heptane, 87 
sodium disilicate-sodium fluoride, 1103 
Systems ammonia-butyl alcohols, fusion 
curves for, 303 

ammonia-propyl alcohols, fusion 
curves for, 303 
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Systems, binary, of o-nitrophenol with 
m-and p-nitrotoluenes, 269 
binary, of m- and p-nitrotoluenes, 269 
binary, of p-toluidine with m - and p- 
nitrotoluenes, 259 

colloidal, effect of electrolytes and of 
colloids of opposite sign on the sta¬ 
bility of, 553 

jelly-forming, conductivity measure¬ 
ments of, 907 

protein, activity coefficient of thallous 
chloride in, 935 

thorium, conductivity measurements 
of, 907 


Tartaric acid and aldehydes, formation 
of sugars in mixtures of, in tropical 
sunlight, 745 

Technique, retentivity, for the deter¬ 
mination of isothermals, 33 
Temperature, low, freezing points of 
some thermometer calibration stand¬ 
ards for, 60ft 

transformation, < f copper sulfate, 
change in, with the solvent medium, 
521 

Tension, adhesion, measurement by pres¬ 
sure of displacement method, 543 
boundary, of water, effect of dissolved 
electrolytes on, 1205 
intcrfacial, of benzene-water system, 
effect of sodium acetate on, 1215 
Thallium iodide crystals, adsorption of 
thorium B by, 951 

Thallous chloride, activity coefficient of, 
in protein systems, 935 
Theory of flotation, criticism of Os¬ 
wald's, 815 

of the stick antimony electrode, 821 
Thermal decomposition of methyl ethyl 
ether, 1169 

Thermometer calibration standards for 
low temperature, freezing point of, 


609 

Thiourea, solubility of, in water, me¬ 
thanol, and ethanol, 693 
Thorium B, adsorption of, by silver 
bromide crystals, effect of alkali and 
alkaline earth ions on, 1047 

B, adsorption of, by thallium iodide 
crystals, 851 

B, adsorption of, from so u ion, 663 

C, adsorption of, from solution, 663 


systems, conductivity measurements 
of, 907 

p-Toluidine, binary systems of, with m- 
and p-nitrotoluenes, 259 

Transformation temperature of copper 
sulfate, change in, with solvent me¬ 
dium, 521 

Transition points of salt hydrates in vari¬ 
ous non-aqueous solvents, 511 

Urea “coordination” compound of cal¬ 
cium sulfate, 1109 

Vapor isothermals on porous solids, in¬ 
fluence of combined oxygen on the 
determination of, 735 
pressures of solutions, simple method 
for accurate determinations of, 495 
water, sorption of, by glass, 47 

Vapors, sorption of, by solids, new 
method of obtaining data for, 361 
adsorption of, by porous Bolide, influ¬ 
ence of combined oxygen on, 505 

Velocity of bromination of acetoacetic 
ethyl ester, 751 

Water-ammonia system, 101 

and chloroform, distribution of methyl- 
amine between, 779 
-benzene system, interfacial tension of, 
effect of sodium acetate on, 1215 
boundary tension of, effect of dissolved 
electrolytes on, 1205 
conductivity, influence of small 
amounts of dissolved silicates on the 
conductance of, 765 
content of calcium oxalate monohy¬ 
drate, 153 

partial pressures of, in equilibrium 
with aqueous solutions of sulfuric 
acid, 1191 

rain, presence of formaldehyde in, 525 
solubility of thiourea in, 693 
vapor, sorption by glass, 47 
Weights, molecular, of some dissolved 
substances, 969 

Wetting agents, experiments with, 1000 
heats of, of cellulose acetate by ali¬ 
phatic alcohols and aromatic hydro¬ 
carbons, 389 

X-ray studies of fatty acids and of mix¬ 
tures of fatty acids, 257 
X-rays, application of Blair-Leighton 
equation to, 17 
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